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ABSTRACT
The studies described in this thesis were designed to evaluate the efficiency of 
postprandial protein utilisation (PPU) especially in relation to ageing, protein quality 
and meal size.
The methodology for the quantitation of the efficiency of PPU was developed 
using a 9 hour leucine constant intravenous infusion. This protocol consisted of 3, 
3 hour phases: the postabsorptive state; frequent feeding of small, low protein meals 
and frequent feeding of small, high protein meals.
Using this protocol milk protein was fed to a group of 25 adults (aged 19-90 
years). Dietary energy, via its influence on insulin secretion, exerted a protein 
conserving effect by inhibiting proteolysis and to a lesser extent protein synthesis. The 
addition of protein to the diet had an anabolic effect, enhancing the insulin-mediated 
inhibition of proteolysis and stimulating protein synthesis. Milk protein appeared to be 
utilised with a near 100% efficiency, any variation reflecting mainly the degree to which 
proteolysis was inhibited by insulin and dietary amino acids.
In the elderly subjects (n=10, >65 yrs) PPU was not significantly different from 
younger age groups. However in a subgroup of 4 elderly PPU was lower due to a 
reduction in the amino acid sensitivity of proteolysis. Although this subgroup had no 
significant difference in their lean body mass it may be that the reduced PPU values 
indicate a risk of development of loss of lean body mass and hence they may require 
higher habitual protein intakes to ensure optimal postprandial protein deposition.
The influence of protein quality on PPU was examined in 5 subjects by 
comparing the utilisation of wheat protein with milk. The PPU for wheat protein was 
less than that observed for milk (67% efficient), but greater than would be predicted 
from its amino acid composition and the currently recommended scoring pattern. The 
reason for this was a lower inhibition of proteolysis with wheat compared with milk, 
possibly because of the lower leucine concentration in wheat protein.
The effect of meal size on PPU was examined by measuring leucine balance 
following a single meal of milk or wheat protein. The values of PPU obtained were 
similar to the small meal values (i.e. 60% wheat, 94% milk). Non steady state 
calculations indicated that milk protein was deposited by an inhibition of proteolysis 
with little change in protein synthesis while the wheat protein was deposited by a 
combination of a reduction in proteolysis and a stimulation of protein synthesis.
Thus postprandial protein utilisation is i) reduced in some otherwise healthy 
elderly adults, ii) is lower for wheat than for milk protein and iii) is not influenced 
markedly by meal size.
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CHAPTER ONE. 
INTRODUCTION.
DIETARY PROTEIN UTILISATION IN HUMAN ADULTS.
On initial examination of the current literature concerning protein metabolism 
and utilisation, it appears that the area is well researched with the major questions 
answered. On the basis of a large number of animal studies, mainly using the growing 
rat, relationships between dietary protein and energy intake and protein deposition 
were formulated many years ago (Allison, 1964). These studies enabled the 
development of the terms biological value (BV) and net protein utilisation (NPU). 
Using these terms the characteristics of the diet which influence protein deposition in 
the growing rat were defined. In humans nitrogen balance studies have been used for 
over fifty years to evaluate the extent of human requirements and to investigate the 
factors which influence dietary protein utilisation (Hegsted, 1964; FAO, 1985).
In practice, however, major gaps are still present in our knowledge especially 
concerning the extent to which protein in individual meals is utilised. This is an area 
of special importance in a dietetic context. In groups where maintenance of nitrogen 
balance is difficult, such as the elderly and chronically sick, the dietician needs to be 
able to plan the diet to ensure optimal utilisation of the protein in the meals. Hence the 
methodology needs to be developed to obtain this information. The objective of the 
work described in this thesis was to develop such methodology and apply it to the 
specific questions:
- How is the deposition of dietary protein regulated?
- How does this change with age?
- How is it influenced by protein quality and meal size?
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1. Methods to Study Protein Metabolism.
1.1. ANIMAL STUDIES.
The majority of work on the nutritional value of dietary protein has been 
carried out on experimental animals, especially the rat. These studies have involved 
feeding the protein of interest to growing animals and measuring its ability to promote 
growth or maintain nitrogen balance. The parameters which are most often measured 
are protein efficiency ratio, biological value, digestibility and net protein utilisation.
1.1.1. Protein Efficiency Ratio (PER).
PER was introduced by Osborne et al. (1919) and is defined as the gain in 
body weight per gram of protein or nitrogen consumed. Originally PER was 
determined at several nitrogen intakes and the maximum intake obtained so that the 
optimum nitrogen intake for maximum weight gain could be determined. Allison et 
al. (1959) showed that the nutritive value of proteins varied as judged by their effect 
on PER.
However difficulties arise when examining PER values as, although in the rat 
gain in body weight correlates well with gain in body protein, this is not so in all 
animals, especially the dog. In one study it was found that puppies fed egg or casein 
proteins in the diet developed into lean, active, muscular dogs. However those fed 
wheat gluten gained a similar amount of weight but were obese and inactive, with 
some exhibiting the apathy associated with protein depletion (Allison and 
Wannemacher, 1957).
1.1.2. Biological Value (BV).
The biological value of a protein was defined by Thomas (1909) as the 
fraction of absorbed nitrogen which is retained in the body for maintenance and 
growth. The protein to be tested is fed to the animal as the sole source of nitrogen in 
the diet and at sub-maintenance levels. The urinary and faecal nitrogen is measured 
and corrected for endogenous loss by subtracting the quantities lost on a protein free 
diet.
BV = retained N = I- ( F- Fk') - ( U- IJk^ 
absorbed N I - ( F- Fk)
Where: I = intake
F = faecal loss Fk = faecal loss on protein free diet
U = urinary loss Uk = urinary loss on protein free diet
Sub-maintenance levels are used as it is over this range that the relationship 
between nitrogen intake and balance is linear.
1.1.3. Digestibility.
This is a measure of the amount of food nitrogen which escapes absorption.
Digestibility = absorbed N = I - ( F - Fk")
N intake I
1.1.4. NPU.
A more accurate estimate of nitrogen retention in an animal may be obtained 
by determining carcass nitrogen rather than body weight. Such an estimate was 
proposed by Bender and Miller in 1953. NPU is defined as the proportion of food 
nitrogen which is retained and so combines both digestibility and BV. Hence NPU is 
the overall rate of protein utilisation.
NPU is usually calculated using the gain in carcass nitrogen in weanling rats.
One group of weanling rats is fed a protein free diet and another age and weight
matched group is given the test diet. After 10 days the animals are killed and weighed, 
then dried and re-weighed. The carcass is then ground and analysed for total body 
nitrogen using the Kjeldahl procedure.
NPU = retained N = B - Bk - Ik 
N intake I
Where: B = body nitrogen of the test group
Bk = body nitrogen of the protein-free group 
I = nitrogen intake of the test group 
Ik = nitrogen intake of protein-free group
Normally, results of NPU studies are expressed as standardised (st) or 
operative (op). NPU(st) is the value obtained at or about maintenance levels, where as 
NPU(op) is the value obtained at any other stated protein level. Hence NPU(st) is a 
measure of protein quality and therefore is a function of the amino acid composition 
and score. While NPU(op) is a combined measure involving both amino acid 
composition and the lower utilisation achieved with a higher protein concentration.
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Factors Influencing NPU.
For a review of the factors influencing NPU see Allison, 1964 and Pellet,
1973.
1) Protein Concentration.
As the concentration of protein in the diet increases the NPU decreases, hence 
the efficiency of utilisation of the protein falls. The slope of the line depends on the 
quality of the protein and so a high quality reference protein is used.
2) Dietary Energy.
Nitrogen utilisation is influenced by energy intake. Thus nitrogen balance can 
be maintained on very low protein intakes, assuming that the energy intake is 
excessive. Similarly diets containing adequate levels of high quality protein require a 
minimum energy intake to enable maintenance of nitrogen balance. Hence NPU 
increases with increasing energy intake. The interrelationships between energy and 
protein utilisation have recently been reviewed (Pellet and Young, 1991).
3) Protein Quality.
The concept of protein quality arose out of the observation that NPU and 
especially BV varied with the amino acid composition of the protein. At the outset 
individual plant protein sources were shown to have a lower BV than animal protein 
sources. Mixtures of plant proteins exhibited higher BV's, especially when cereals 
were mixed with legumes. This complementation allows the lower lysine levels of 
cereals and lower sulphur amino acid levels of pulses and legumes to be balanced in a 
mixture. With recognition that amino acid composition determined BV the principle 
of amino acid scoring was introduced.
To calculate protein quality, the essential amino acid content of the protein in 
question was compared with that of a reference protein, initially egg protein. After 
this a scoring pattern was developed based on estimates of amino acid requirements 
(FAO, 1985). Using this pattern the score for each individual amino acid in a protein 
is calculated as amino acid in protein (mg/gN) /  amino acid in requirement pattern 
(mg/gN). The lowest score is assumed to be the rate limiting amino acid.
In animal studies values of protein quality, assessed as score, correlate well 
with NPU values, with higher scoring proteins giving higher NPU values. This shows 
how NPU reflects, at least in part, biological value which is the measure most likely 
to be influenced by protein quality. The main difficulty in evaluating protein quality 
has arisen in its application in human nutrition.
4
1.2. HUMAN STUDIES: NITROGEN BALANCE.
Human studies of dietary protein utilisation are problematic due to difficulties 
in developing appropriate methodologies. One method which has been extensively 
used is that of nitrogen balance.
Adults, who are well nourished, not growing and who maintain a constant 
body weight, are assumed to have an approximately constant body composition. If 
this is so then the intake of various nutrients must approximate the amount lost from 
the body. Thus the nutrient requirement is equal to the intake which exactly matches 
all losses. Nitrogen balance studies measure the amount of nitrogen in the diet and the 
amount excreted in urine, faeces and other minor routes such as sweat, hair and 
secretions. Hence nitrogen balance (NB) is calculated as:
NB = NI - (NU + NS + NF) 
where: NI = nitrogen intake 
NU = urinary nitrogen 
NF = faecal nitrogen
NS = nitrogen loss via other routes e.g. sweat, hair and secretions.
During periods of constant body composition when the intake is the 
requirement which exactly matches the losses, a zero balance is obtained. However, 
during periods of growth or pregnancy, nutrient retention must occur so when intakes 
are adequate a positive balance is found. Conversely, when dietary intake is 
inadequate a negative nitrogen balance is seen.
There is an extensive literature on the use of nitrogen balance studies to asses 
the adequacy of diets, to estimate protein and amino acid requirements and to study 
food utilisation (FAO, 1985). In these studies the amount or type of protein /  amino 
acid is altered and changes in nitrogen balance measured and the intake for zero 
balance estimated. These changes represent adaptive alterations in metabolism e.g. 
changes in protein synthesis, breakdown or oxidation of essential amino acids. 
However while such studies show the requirement intake value they can’t reveal 
which mechanisms are involved in achieving the appropriate adaptations.
The usual method employed when measuring nitrogen balance is to feed a 
series of different levels of dietary protein. The requirement is then estimated by 
extrapolating the data to obtain the zero balance point. In the early nitrogen balance 
studies the levels of dietary protein fed often included one diet period without protein 
and other levels far below the expected requirement intake. However it is now known
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that the nitrogen balance response is not linear over the whole sub maintenance range, 
in fact the slope decreases considerably around intakes producing zero balance 
(Young et al., 1973). Due to this the more recent studies have estimated requirements 
by measuring nitrogen balance at a number of intakes closer to the expected 
requirement level.
Generally, results of nitrogen balance studies indicate the same principles as 
found in the rat. The utilisation of dietary protein is influenced by energy intake and 
especially by energy balance ( Munro, 1951; Calloway and Spector, 1954; Pellet and 
Young, 1991). Kishi et al. (1978) have shown that the requirement for nitrogen 
balance with egg protein increases markedly as energy intake falls. This influence of 
energy balance on nitrogen balance occurs over a range of energy intakes, from sub 
optimal to excess levels. Hence any change in the subjects energy intake, above or 
below his needs, will influence his nitrogen balance. The effect has been estimated as 
being in the order of l-2mg of nitrogen retained per Kcal added (Calloway, 1981; 
Young et al., 1981). Hence the choice of energy intake at which balance studies 
should be conducted is of crucial importance.
Nitrogen balance studies have been widely criticised, especially due to the 
unrealistically high positive balances for adults found in many studies. The problems 
of the nitrogen balance method have been reviewed by a number of researchers (e.g. 
Hegsted, 1976; Young, 1986).
One of the major problems is accounting for, and measuring accurately, all the 
routes of nitrogen loss. In most experiments only the nitrogen content of the diet, 
urine and faeces are directly measured and allowances made for losses by other routes 
on the basis of a limited number of published studies.
Another area requiring important consideration is the length of the 
experimental diet period required to obtain stable conditions following adaptation. 
Most nitrogen balance studies involve diet periods of two or three weeks. There has 
been criticism of these short-term studies on the grounds that the time allowed to 
reach a steady state is not adequate and hence that requirements are overestimated. 
Some studies suggest that the major adjustments are complete by days five to seven in 
most adults (Munro, 1964; Rand, 1976). However data from one long term study 
(Young, 1973) showed that urinary nitrogen continued to fall for at least 90 days 
when subjects were fed 6.5g nitrogen/day. The rate of decline after the first two 
weeks, however, was only about O.Olg nitrogen/day which would be statistically 
insignificant in short term studies.
Of most importance in the present context is that nitrogen balance studies 
involve measurements over a number of days, weeks or months and so investigate the
6
long-term, rather than the acute, response to feeding. Hence they can not be used to 
measure balance over the few hours covering digestion and absorption of a single 
meal.
Hence, despite the theoretical simplicity of the nitrogen balance method it 
currently presents a number of unresolvable problems.
1.3. STABLE ISOTOPE STUDIES.
Due to the perceived problems with the nitrogen balance method alternative 
methods needed to be developed. The major one of these is the use of stable isotopes 
to measure amino acid oxidation rates and protein turnover kinetics. The stable 
isotopes commonly used to measure protein turnover are ^ N , and ^H. The best 
example is L -[1-^C ] leucine, where ^ C 0 2  is measured and leucine oxidation 
calculated. Leucine balance is then calculated as leucine intake - leucine oxidation, 
and protein synthesis and breakdown calculated from the leucine flux.
The major assumption behind the use of stable isotopes is that the balance of 
an indispensable amino acid is equivalent to protein balance. Amino acids can be 
considered as existing in two homogeneous pools within the body (Figure 1). One 
pool contains all of the amino acids in the form of protein and the other the free 
amino acids in the body fluids. When the indispensable amino acid has a small, highly 
regulated, free pool the balance of that amino acid can be assumed to be protein 
because the size of the gains and losses are usually larger than the size of the amino 
acids free pool. Hence these losses could only be achieved by protein. This is the case 
for most of the indispensable amino acids, especially the branched chain, aromatic 
and sulphur amino acids.
The rate of exchange of amino acids between the two pools (i.e. protein 
turnover) can be assessed by introducing a labeled amino acid into the free pool. This 
labeled amino acid rapidly equilibrates with the free pool and its dilution by unlabeled 
amino acids from the breakdown of dietary and body protein, and its disappearance 
into protein synthesis and catabolic pathways, is measured. It is assumed that any 
labeled amino acid incorporated into body protein is not released by protein 
degradation and hence recycled during the period of measurement.
It is also assumed that the size of the free pool is tightly regulated and hence 
remains constant during the period of measurement. If this is so, then the total entry 
into the pool (from dietary intake and body protein breakdown) equals the total exit 
from the pool (to oxidation and protein synthesis). Hence, flux = intake + degradation 
= oxidation + synthesis.
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Figure 1. Two-pool model for protein metabolism used for calculating rates of whole- 
body protein turnover from isotopic labeling experiments. Amino acid balance is 
calculated as intake - oxidation.
is generally used in the form of glycine and protein turnover is 
assessed by means of an end product method which involves measuring the excretion 
of the isotope in the urinary urea and ammonia. The advantage of this method is that 
measurements are more convenient to make and don’t restrict the movements of the 
subject. glycine may be given orally or intravenously. Unfortunately
measurement periods involve a minimum of nine hours due to the large size of the 
body urea pool. Since balance is calculated from nitrogen balance this method is 
unsuitable for observing rapid changes, such as those occurring after feeding.
Carbon labeling is used to trace the metabolism of a single amino acid. 
Leucine, labeled in the carboxyl group, is particularly suitable since following 
decarboxylation all of the isotope is excreted (apart from the fraction of HCC>3 _ which 
is retained). It is given by constant intravenous infusion for periods of >10 hours, or
8
3-4 hours if a priming dose is used. Measurements are made of the isotopic 
enrichment of leucine, or the transamination product of leucine a-ketoisocaproate 
(KIC), and of the production of labeled CO2  in the breath. KIC, rather than leucine, is 
more frequently used as it may be sampled from the plasma and as it can only be 
derived from transamination of intracellular leucine it is assumed to give a better 
estimate of the true precursor enrichment for both flux and oxidation (Figure 2).
The advantage of this method is that measurements can be made rapidly and 
hence acute changes in metabolism detected, which is not possible with ^ N . 
Moreover leucine has very limited metabolism other than by protein turnover, unlike 
the complex transfers of from glycine within the total free amino-N pool. 
However, this technique is more restrictive for the subject and requires more 
specialised equipment:- two different mass spectrometers, a gas chromatograph-mass 
spectrometer for KIC and leucine and an isotope-ratio mass spectrometer for CO2  
enrichment in breath, as well as a means of measuring CO2  production.
Stable isotopes have been used principally in two types of study; either to 
estimate requirement or to examine the mechanism of the feeding response.
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Figure 2. The kinetic model used for leucine. Flux = intake + degradation = oxidation 
+ synthesis.
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1.3.1. Amino Acid Requirements.
Current estimates of the requirements for indispensable amino acids in adult 
humans as proposed by the FAO/WHO/UNU (1985) are based on results from 
nitrogen balance studies of which values reported by Rose (1957) constitute the major 
data set. Due to the criticisms of this technique, tracer studies have been used to 
calculate individual indispensable amino acid balances and hence estimate 
requirement (Young et al., 1989).
Young’s group have investigated leucine (Meguid et al., 1986a), valine 
(Meguid et al., 1986b), lysine (Meredith, 1986) and threonine (Zhao, 1986) kinetics. 
In these studies 12 young men were fed diets varying only in the concentration of the 
amino acid under study. At the end of the 7 day diet period the kinetics of the 
particular amino acid were estimated using measurements of amino acid balances. 
From this the intake for balance was calculated. The authors concluded that current 
requirement estimates for these indispensable amino acids, and probably the 
remaining ones as well, are too low.
However, Millward and Rivers (1988) have questioned these conclusions in 
terms of the balance measurements and of the dietary design and much debate still 
remains as to what the requirement estimates should be (Young, 1994; Millward, 
1994).
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2. Diurnal Cycling and Protein Utilisation.
2.1. Protein Intake and Diumal Cycling.
In their metabolic model for protein metabolism and requirements, Millward 
and Rivers (1988) included the principle of diurnal cycling of protein, i.e. the 
transient net gain of protein after eating and subsequent loss during a normal daily 
period of fasting, to accompany the diumal pattern of food intake exhibited by 
humans. They suggested that the postabsorptive losses would increase as intake 
increased due to the induction of the oxidative enzymes by the dietary protein 
(Millward et al, 1991). If this occurred, then consequently the protein requirements 
needed to balance these postabsorptive losses would also increase with intake and the 
requirements would vary with the habitual intake of protein.
Evidence that this occurs was provided by Price et al. (1994) who fed 
isocaloric weight maintaining diets containing a wide range of protein levels (0.36 - 
2.31 g/Kg/day). •
So although nitrogen balance can be achieved over a range of intakes, the 
increasing postabsorptive losses resulting from increasing intakes requires increasing 
fed-state gains for balance to be achieved. As the magnitude of this cycling is a 
function of the habitual protein intake, and as a considerable time period must occur 
before postabsorptive losses adapt to match the particular intake level, the acute 
response of a change to a lower protein intake will involve excessive postabsorptive 
losses and insufficient protein deposition to maintain balance until adaptation occurs, 
as demonstrated by Quevedo et al (1994).
Hence, according to Millward (1991) the implications of diurnal cycling for 
protein requirements can be summarised in a simple statement; the more you eat, the 
more you need.
This increasing diumal cycling with increasing protein intake can be best 
illustrated schematically (Figure 3 see Millward 1991).
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Figure 3. Schematic representation of the diurnal changes in body protein stores seen 
with increasing dietary protein intake.
2.2. Efficiency of Postprandial Protein Utilisation.
It is the case that in most studies on the influence of feeding on protein 
turnover, no effort has been made to quantify protein utilisation. In the investigation 
of the effect of protein intake on the amplitude of diurnal cycling, Price et al. (1994) 
did discuss the efficiency of protein utilisation. They concluded that there appeared to 
be a difference between the regulation of protein deposition in man compared with 
that in animals. They argued, on the basis of the relationship between protein intake 
and deposition in the fed state, that with increasing protein intake the fraction of 
intake deposited increases up to a maximum of about 50% on the highest intake (see 
Figure 4).
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Figure 4. Efficiency of nitrogen gain during a 12 hour feeding period following 
habituation to increasing protein intakes. The line is drawn through the mean values 
for the four dietary groups and then extended to the highest individual intake value.
Since, as discussed above, in rapidly growing animals the relationship between 
protein concentration and net protein deposition is the opposite to this, i.e. the 
efficiency of deposition (e.g. NPU) falling with increasing dietary protein 
concentrations, they concluded that in the human adult amino acid catabolism is 
necessarily the major fate of dietary protein at low concentrations, with the shift to 
deposition requiring increasing dietary protein concentrations. Such a phenomenon is 
consistent with the idea of an anabolic drive of amino acids as identified by Millward 
& Rivers (1989), i.e. with the activation of protein deposition only occurring at high 
levels of dietary amino acids. However if there are fundamental differences between 
animals and man in the way in which protein utilisation varies with dietary 
composition, then it will be necessary to reevaluate all aspects of the nutritional 
principles relating to dietary protein utilisation since most of them derive from animal
■ ■
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studies. A reinvestigation of the way in which protein utilisation varies with intake in 
relation to the quantitative aspects of the balance between amino acid oxidation and 
deposition and the true efficiency of dietary protein utilisation was therefor an 
important objective of this thesis.
In fact it can be argued that the conclusions reached by Price et al (1994) 
based on the data as presented in Figure 4 are incomplete and possibly misleading.
The calculations used to derive the data in Figure 4 were for gross protein 
utilisation, rather than net protein utilisation, which is the quantity usually used to 
discuss protein utilisation. Gross utilisation is calculated as gain over intake and so 
differs from net utilisation which accounts for the replacement of endogenous losses 
as well as provision for gain. As discussed above NPU is usually measured in studies 
using growing animals or humans fed sub-maintenance intakes where protein 
deposition is only limited by dietary protein supply and the protein concentration of 
the diet is optimised for maximum utilisation. In these studies there are two 
components of nitrogen losses to consider; the fixed obligatory component (i.e. the 
losses on a protein free diet) and losses due to inadequate utilisation of the protein due 
to poor digestibility or biological value (BV). On this basis NPU is calculated as 
increase in gain per increase in intake, i.e. the slope of the intake vs balance 
relationship with the assumption that obligatory losses will be the same at each level 
of intake and that only losses related to the dietary protein utilisation will influence 
the slope.
It might be thought therefor that NPU would be indicated by the slope of the 
deposition curve in Figure 5. The slope of the postprandial nitrogen gain versus intake 
relationship in these studies was 0.548. However this value is an inadequate indication 
of postprandial protein utilisation (PPU). As with postabsorptive oxidation rates 
which increase with the habitual dietary protein level, postprandial amino acid 
oxidation also reflects in part habitual intake rather than the meal protein. Thus 
Quevedo et al (1994) showed that nitrogen losses and leucine oxidation remained at 
the levels achieved on a high protein diet for several days after changing to a lower 
protein intake. A component of postprandial losses which reflects the prior habitual 
intake rather than the intake in the meal should arguably not be included in any 
analysis of the biological value of the dietary protein. Thus postprandial losses can be 
considered to consist of three components: fixed obligatory endogenous losses; 
variable endogenous losses relating to the habitual intake and losses relating to the 
utilisation of the protein fed (dependent on digestibility and BV).
15
N 
ba
la
nc
e 
(m
gN
/k
g 
pe
r 
12 
hr
s)
400 .
12 hr post prandial
□ 
□
200
-200
-400
□
□ D SnQrfr
□
’  v  lU.J?
■ ■
12 hr postabsorptive
0 100 200 300 400  500  600
Intake (mgN/kg per d)
Figure 5. Diurnal changes in body nitrogen balance with increasing protein intakes. 
Measured values for 12hr postprandial nitrogen gains and 12hr postabsorptive 
nitrogen losses in normal adults adapted to increasing milk protein intakes.
Due to the variable component being unrelated to the current protein intake, 
the slope of the fed-state protein deposition versus intake relationship will not give a 
true measure of PPU. An increasing amount of these variable losses with intake will 
reduce the slope of measured deposition and apparent efficiency of postprandial 
protein utilisation. Rather, the slope of the variable endogenous component versus 
intake must be evaluated and PPU calculated as the sum of this slope and the slope of 
deposition versus intake. This can not be done with Price’s data. However it can be 
assumed that the postabsorptive losses are a close approximation to the endogenous 
loss components. Although fasting losses are usually greater than the losses obtained 
on a protein-free diet because of the use of amino acids as fuels, resulting in amino 
acid oxidation, due to the short duration of the fast (12 hours maximum) in Price’s 
study the availability of glycogen reserves may mean that the postabsorptive losses
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are not elevated. The fact that this may be so is indicated by the similar intercepts 
seen for the postabsorptive loss and postprandial gain regressions (Figure 5). 
Assuming that the endogenous loss components are similar to, or not greater than, the 
postabsorptive losses, then PPU will equal the sum of the slope of deposition vs. 
intake (0.548) and that for the slope of postabsorptive loss vs. intake (0.298), i.e. 
giving a value for PPU of 0.846. We can also calculate PPU at each intake studied i.e.
PPU = deposition /  (intake - postabsorptive loss).
This gives us PPU values of 0.71, 0.64, 0.73 and 0.8 for the four levels of milk 
protein intake studied.
The data reported by Price for leucine is theoretically a better indicator of PPU 
as the measurements were made in the early postprandial phase, before any limit in 
deposition is likely to occur. The slope for deposition of 0.64 and for postabsorptive 
losses of 0.157 gives a PPU of 0.797. PPU values for each of the four intakes were 
0.83 ± 0.36; 0.74 ± 0.20; 0.75 ± 0.04 and 0.80 ± 0.05. Hence both the nitrogen 
balance and leucine balance data suggest that in adults fed frequent, small meals 
containing a high quality milk-based protein, the PPU value in the early postprandial 
phase is as high as 0.8.
So it appears that the feeding of small, frequent meals can result in equally 
efficient utilisation over a wide range of intakes. This conclusion is contrary to that 
reached by Price et al. and also to that obtained in rapidly growing animals where the 
NPU values fall with increasing dietary protein concentration (Allison, 1964).
It is clear therefore that any further investigation of the qualitative and 
quantitative aspects of postprandial protein utilisation requires a new protocol which 
can obviate the need for the assumptions made in the analysis of the studies of Price et 
al. (1994)
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3. The Regulation Of Protein Deposition Purine Feeding.
For postprandial protein deposition to occur and especially for the changes in 
the amplitude of diurnal cycling to occur, the rates of amino acid oxidation, protein 
synthesis and degradation need to vary with the habitual intake in the fasted state and 
respond to feeding in a way which varies with the level of dietary protein. Numerous 
studies (for a review see Garlick et al., 1991) have examined the response of amino 
acid oxidation and protein turnover to feeding but few have related this to protein 
intake over a range of intakes in the fasting and fed states.
In two such studies Motil et al. (1981) and Young et al. (1983) fed diets 
containing from 0 - 1.5 g protein/Kg/day and measurements were made in both the 
fed and fasted states (although not in the same subjects). In the fasted state both 
studies found increasing rates of synthesis and degradation with increasing protein 
intakes, while in the fed state, at very low protein intakes there was very little effect 
of feeding on any of the parameters measured. However at higher protein intakes, 
feeding was associated with the inhibition of protein degradation and increase in 
amino acid oxidation. The effect of feeding on synthesis was unclear, with Young's 
data suggesting a rise in synthesis with feeding higher protein intakes while Motil's 
data showed no effect of intake at any protein level.
In their study into the mechanisms involved in diurnal cycling, Pacy et al. 
(1994) fed diets containing 0.36, 0.77, 1.59 and 2.01 g protein/Kg/day. The same 
subjects were studied in the fed and fasted state. With increasing protein intake they 
found increasing fasting losses and increasing fed state gains.
Increasing fasting losses were due to an increasing rate of degradation while 
the increasing fed state gain was due to the progressive inhibition of degradation and a 
change in synthesis from inhibition at low protein intakes to stimulation at high 
intakes. This allows an increasing proportion of the dietary protein to be used for 
deposition rather than oxidation.
While the inhibition of degradation with feeding agrees with the majority of 
previously published data, the effect of feeding on synthesis has previously been 
unclear. However by demonstrating that the response of synthesis to feeding varies 
with the protein intake, Pacy et al. accounted for much of the discrepancy in the 
literature.
Pacy et al. also found that oxidation increased with protein intake, in both the 
fasted and fed state. This variation in the fasted state has not generally been shown in 
previous data, including that of Young et al. (1983).
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3.1. Regulatory Mechanisms Involved in the Feeding Response.
The feeding response appears to be due to the combined effect of insulin and 
tissue amino acid levels on oxidation, synthesis and degradation. The dose related 
inhibition of degradation by insulin has been reported in many studies (Fukagawa et 
al., 1985; Tessari et al., 1986). However an inhibition of degradation results in a 
reduction in tissue amino acid levels so that with the hypoaminoacidemia which 
occurs with insulin treatment it is important to separate the effects of insulin from any 
mediated by changes in amino acids. When amino acid levels are kept constant, the 
inhibition of degradation by insulin is increased (Castellino et al., 1987; Flakoll et al., 
1989) and is further enhanced by hyperaminoacidemia (Tessari et al., 1987).
Amino acids fed alone, which exert a minor stimulation to insulin secretion, 
increase plasma amino acid levels and stimulate protein synthesis and amino acid 
oxidation and inhibit degradation (Pacy et al, 1988). An infusion of insulin alone 
inhibits degradation, synthesis and oxidation (Pacy et al, 1989). So it appears that 
while insulin inhibits degradation, the amino acids stimulate synthesis and oxidation 
and further inhibit degradation.
Tissue amino acid levels are controlled by dietary intake and endogenous 
supply. Hence the response of synthesis to feeding will be determined by the amino 
acid level resulting from the fall in endogenous supply, due to the insulin stimulated 
inhibition of degradation, and the rising exogenous amino acids as protein intake 
increases. The sensitivity of synthesis to insulin is less clear. Studies (e.g. Castellino 
et al., 1987; Tessari et al., 1987) have shown that when amino acid levels are 
clamped, increasing insulin up to levels which maximally suppress degradation has no 
influence on whole body protein synthesis.
That leucine oxidation increases with increasing leucine intakes has been 
frequently demonstrated (e.g. Meguid et al., 1986). Leucine and the other branched 
chain amino acids need to be rapidly removed and this is achieved by the 
multienzyme branched chain oxo-acid dehydrogenase complex. This complex has a 
relatively low Km, is activated by the branched oxo-acids (Harris et al., 1986) and 
induced by leucine (Beggs et al, 1986). An increase in activity of this enzyme 
complex with increasing protein intake may explain the increasing fasting rate of 
oxidation seen by Pacy et al. (1994).
Hence it would appear that the feeding response of protein synthesis and 
degradation and amino acid oxidation reflects the combined effects of insulin and 
tissue amino acid levels with insulin inhibiting degradation and with amino acids both 
stimulating synthesis and oxidation and further inhibiting degradation.
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4. The Jnfluence Of Ageing On Postprandial Protein Utilisation.
4.1. Protein Nutrition And Ageing.
With the number of elderly people in Western countries increasing, the role of 
nutrition in the ageing process has received much attention. However knowledge is 
still very limited about the effect of ageing on the metabolism and dietary 
requirements of many nutrients, especially protein.
In order to understand the effects of ageing on protein metabolism and 
requirements, however, it is necessary to first explore the effect of ageing on the 
protein content of the body.
4.2. Body Composition And Ageing.
Ageing results in characteristic changes in body composition and the 
functioning of mainy organ systems. As people age their outward appearance and body 
shape alter. Many elderly people experience a loss of height and rounding of the 
shoulders. These changes are accompanied by changes in the amount and distribution 
of protein.
Both cross-sectional and longitudinal studies (e.g. Forbes and Reina, 1970; 
Steen, 1979) have demonstrated a progressive decline in lean body mass which is 
accelerated in later life and is greater in males than females. The largest decreases in 
lean body mass are due to decreases in muscle mass. Cohn et al (1980) have shown 
that the age-related decline in the potassium content of the body is greater than that of 
nitrogen. Since potassium is more concentrated in muscle than in non-muscle lean 
tissue, these results are taken to indicate that it is skeletal muscle mass which is 
extensively reduced and that non-muscle protein mass is not affected by ageing. Steen 
(1988) showed that by age 70 years, skeletal muscle has lost approximately 40% of its 
maximal weight in early adult life. This age-related loss in skeletal muscle is termed 
sarcopenia. Similarly, the protein content of muscle decreases sharply whereas the 
protein content of non-muscle decreases little, if at all, with age. Thus the total body 
protein content falls by only 14% from age 20-80 years (Cohn et al., 1980).
The muscle atrophy may result from a gradual and selective loss of muscle 
fibres. The number of muscle fibres in the midsection of the vastus lateralis of post­
mortem specimens has been found to be about 110 000 lower in elderly men aged 70- 
75 years when compared to younger men aged 19-37 years, a 23% difference. In fact 
the proportion of type II fibres falls from about 60% in sedentary young men to less
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than 30% after 80 years of age (Evans and Meredith, 1989).
This decrease in muscle mass is accompanied by an increase in, and 
redistribution of, body fat. Total body fat increases slowly between the age of 25 and 
45 years and continues to accumulate until approximately 70-75 years after which 
there is generally no increase. In a cross-sectional study Novak (1972) showed that in 
men body fat increased from 17.8% body weight at age 18-25 years to 36.2% in the 
65-85 year age group. The figures for women were 33% and 44.8% respectively. 
There is also a redistribution of this body fat. Using computed tomography Borkan et 
al. (1983) demonstrated a decrease in subcutaneous fat and corresponding greater 
intra-abdominal fat in elderly men. In women this trend is accelerated after the 
menopause. With greater abdominal fat distribution considered a risk factor for a 
number of disease states, such as atherosclerosis, the health implications of this 
redistribution of body fat are clear. These elderly men also had greater infiltration of 
fat within and between muscles.
Total body water also decreases with age. Despite a number of both cross- 
sectional and longitudinal studies it is still unclear whether this decrease is due to 
changes in intra- or extra-cellular water or both (Schoeller, 1989). The decrease 
begins in middle-age in men. In women there is little change in middle-age but the 
decrease after 60 years of age is rapid. The decrease is most evident in the very old.
Decreases in bone mass are also associated with ageing. Peak bone mass is 
attained at approximately 30 years of age, after which it begins to decline. For the 
following 20 years the loss of bone mass is relatively slow in both sexes. During this 
phase bone is lost at the rate of 0.3-1% of peak bone mass annually. In women 
postmenopausally the rate increases to 3-5% of peak bone mass annually (Cooper, 
1989). In fact Cohn et al (1980) found that in males during the time span 25-75 years 
the decrease in bone mineral mass averaged 9.7% while in females the average was 
28%. However the timing of the onset of bone loss and its rate does vary according to 
the type and size of the bone. For instance trabecular bone is lost earlier than cortical 
bone. Riggs et al. (1982) reported that for normal women the overall decrease in bone 
mineral density was 58% in the femoral neck, 53% in the intertrochanteric region of 
the femur and 42% in the lumber spine. However, for normal men although the rate of 
decrease in bone mineral density was two thirds of that in women for the femoral 
neck and intertrochanteric femur, it was only a quarter of that in women for the 
lumbar spine. This difference may explain why the ratio of females to males for hip 
fractures is 2:1 while for vertebral fractures it is 8:1.
Some believe that sarcopenia is due to a decrease in the amount of physical 
activity carried out as age progresses. In fact a number of studies have been carried
21
out to investigate the effects of different forms of exercise on muscle atrophy in the 
elderly. Klitgaard et al. (1990) compared a group of elderly men who had trained as 
swimmers, runners or strength (resistance) trainers continuously for 12-17 years with 
sedentary young men and age matched controls. The strength trained group were the 
only ones with similar muscle strength and size to the young, whereas the swimmers 
and runners had muscle strength and size similar to the untrained elderly group. 
Hence it is apparent that the type of training is important to prevent sarcopenia. To 
investigate whether resistance training could actually reverse the age related muscle 
atrophy Frontera et al. (1988) studied the effect of 12 weeks of resistance training of 
the leg extensors and flexors (3 sets of 8 repetitions at 80% of their one repetition 
maximum, 3 days a week) in a group of elderly men aged 60-72 years. They achieved 
an average increase of 107% in extensor and 227% in flexor strength. Total muscle 
area increased by 11.4%. Hence they demonstrated that the capacity to increase 
muscle mass is retained in old age and that increases in strength found with resistance 
training are partly due to increased muscle mass. In a later study Frontera et al. (1990) 
showed that the increased muscle mass is also associated with an increase in maximal 
aerobic power.
Greater increases in the strength and similar increases in the area of the knee 
extensors was found in a group of frail, institutionalised elderly. In this group muscle 
strength was found to be correlated with speed of walking and the number of steps 
taken during walking a given distance (Fiatarone et al., 1990). Hence muscle strength 
training may reduce the risk of falling in the frail elderly and improve their ability to 
carry out activities of daily living. However it is important that the strength training is 
continued for as long as possible as after only 4 weeks of detraining there was a 32% 
loss of maximum strength.
Unfortunately, although regular exercise may ameliorate the loss of muscle 
strength, inevitably ageing takes its toll. This can be seen in the decrease in grip 
strength of both the dominant and non-dominant hands with age (Munro, 1989).
These changes in body composition result in various other changes. The 
decline in muscle mass appears to be largely responsible for the age-related fall in 
basal metabolic rate (BMR) (Tzankoff and Norris, 1977). As BMR constitutes more 
than half of the total daily energy expenditure, the decline in muscle mass has an 
influence on daily energy requirements. The decline in muscle mass is also believed 
to be partly responsible for the decline with age in total energy expenditure during 
sub-maximal exercise (Gardner et al., 1988). With advancing age there is also a fall in 
the maximal capacity to utilise oxygen (VC^max.) during exercise. Fleg and Lakatta 
(1988) have shown that 50% of this reduction in VC^max. during exercise is
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accounted for by muscle loss.
It is important to explore the metabolic significance of this decreased muscle 
mass on the metabolism of protein and amino acids in the elderly.
4.3. Whole Body Protein Metabolism.
A number of studies have investigated changes in whole body protein 
synthesis and breakdown with ageing. Using glycine Winterer et al. (1976) and 
Uauy et al. (1978a) found that, when expressed as per Kg body weight, rates of 
protein synthesis and breakdown were slightly lower in the elderly than young adults. 
These results are comparable to those obtained by Golden and Waterlow (1977) using 
both glycine and leucine and also to those of Lehmann (1989) using just 
14C leucine. Lehmann and Winterer et al. also demonstrated that elderly women had 
a significantly lower protein turnover than elderly men.
Lehmann also investigated differences in mobility on whole body protein 
turnover. He found that immobile elderly subjects had higher rates of synthesis and 
degradation than active elderly subjects. The rates found in the immobile elderly were 
similar to those found in young adults.
These results for whole body protein synthesis and breakdown are not 
surprising due to the lower lean body mass of the elderly. Hence a number of the 
studies have also examined rates of whole body protein synthesis and breakdown in 
relation to indices of body composition (creatinine as an index of muscle mass and 
also body cell mass). When expressed per unit body cell mass, Uauy et al found no 
significant difference in rates of whole body protein synthesis or degradation between 
the young and elderly subjects. Winterer et al. found no significant difference in 
women but found that rates of whole body synthesis and degradation were higher in 
elderly men than young men. When expressed per unit creatinine excretion Winterer 
et al. and Uauy et al. showed that whole body rates of synthesis and degradation were 
higher in the elderly than young adults. These results have been taken to reflect a 
lower contribution by muscle to whole body protein synthesis and breakdown in the 
elderly than in young adults.
To investigate this further Uauy estimated muscle protein breakdown by 
measuring urinary 3-methyl histidine excretion in subjects consuming a flesh-free 
diet. 3-methyl histidine excretion is a measure of contractile protein breakdown. 
However it is not exclusively a measure of skeletal muscle protein breakdown because 
although actomyosin is found mainly in skeletal muscle, it does occur in other tissues 
such as smooth muscle, which has a higher turnover rate (Rennie and Millward,
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1983). Uauy found that the output of 3-methyl histidine per unit body weight was 
lower in the elderly compared to young adults. This difference was taken as being due 
to a lower muscle mass in the elderly as there was no significant difference when 3- 
methyl histidine output was expressed per unit creatinine excretion.
Hence it can be said that the decline in muscle mass with age is accompanied 
by a shift in the overall pattern of whole body protein turnover, with muscle mass 
estimated to account for 27% of whole body protein breakdown in young adults 
compared to 20% or less in the elderly (Uauy et al., 1978a). This results in a greater 
contribution to whole body protein turnover by protein metabolism of the viscera. 
Using data for whole body and muscle protein turnover Young et al. (1982) 
demonstrated that the daily amount of non-muscle protein synthesis was similar for 
young and elderly men. However when expressed per unit of non-muscle protein the 
fractional rate of synthesis was increased with age.
In two more recent studies, Pannemans et al (1995a and b) studied whole body 
protein turnover responses to two protein intakes in both*young and elderly subjects. 
They found that for the same protein intake, protein turnover rates were higher for 
elderly men than elderly women, even when corrections were made for differences in 
body composition. However no differences were seen between young men and 
women.
Differences with age were found to be dependent on the level of protein 
intake. When protein provided 12% of the total energy intake, young adults had 
higher rates of protein turnover than elderly adults. However, when protein provided 
21% of the total energy intake, protein turnover rates of young men were similar to 
those of elderly men while young women still had higher protein turnover rates than 
elderly women. These results were seen even following corrections for differences in 
body composition.
Pannemans also found that the physical activity level of the elderly subjects 
had no effect on their turnover rates.
These results suggest that comparison of studies in the elderly may be 
complicated by differences in protein intakes prior to the studies.
Recently Yarasheski et al. (1993) compared muscle protein synthesis rate in 
young and elderly subjects before and at the end of 2 weeks of resistance exercise 
training. Before training the elderly had a lower rate of muscle protein synthesis. This 
may partly explain the decrease in muscle protein which occurs with age and is 
consistent with the suggestion that the contribution of muscle protein to whole body 
protein turnover declines with age. However, following resistance training muscle 
protein synthesis increased to a similar rate in both elderly and young subjects. These
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results show that elderly muscles retain their ability to activate protein synthesis to the 
same extent as those of young adults.
The significance of the shift in the distribution of whole body protein 
metabolism with ageing is not yet understood. Young et al. (1982) speculated that it 
may result in changes in the efficiency of dietary protein utilisation. Their argument is 
that if major body organs have different requirement patterns for amino acids and 
different efficiencies for the recycling of amino acids then the overall efficiency of 
retention of dietary protein would depend on the relative contribution made by these 
organs to whole body protein turnover. Hence it is possible that the decline in the 
contribution made by skeletal muscle to whole body protein metabolism would lead to 
alterations in the efficiency of dietary protein utilisation.
Young also discussed the possible effect of a reduced contribution by muscle 
to whole body protein metabolism on the response to dietary restriction. Muscle plays 
an important role in the response of whole body amino acid and energy metabolism to 
restricted dietary energy and protein intakes. Hence a decrease in the contribution of 
muscle to whole body protein metabolism may reduce the ability of the elderly to 
respond successfully to an unfavorable dietary situation or other stressful conditions 
which require adaptive changes in muscle protein and energy metabolism.
4.4. Amino Acid Metabolism.
It is important to know whether this age-related decline in muscle mass has 
any significant effect on the level or metabolism of individual amino acids and hence 
requirement for them. Results from studies in young and elderly subjects vary 
considerably, mainly due to the sensitivity of plasma amino acid concentrations to 
factors such as diet. To overcome this Young’s group have examined the response of 
plasma amino acid levels to changes in the intake of individual essential amino acids 
in young and elderly subjects. They have found that the magnitude and pattern of the 
response of the plasma amino acids to graded intakes of leucine, tryptophan and 
valine are similar in both age groups (Young et al., 1982). Hence from this limited 
data it appears that plasma amino acid levels are regulated the same in both the young 
and elderly.
There is evidence of a progressive deterioration in glucose tolerance with age 
which may be due, in part, to a decline in peripheral tissue sensitivity to insulin. 
Fukagawa et al. (1988) investigated whether this age-related defect in insulin action 
on glucose metabolism extended to an effect on amino acid metabolism.
Using a leucine and euglycaemic insulin clamp method they showed that
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in the postabsorptive state there was a preservation of the insulin mediated 
suppression of whole body protein breakdown during ageing. Leucine flux was found 
to decrease to a similar extent in both young and elderly subjects and the insulin- 
induced changes in plasma amino acid levels were also similar for both age groups.
It was questioned whether the lack of difference observed between the young 
and elderly subjects was due to amino acids being limiting for protein synthesis in the 
postabsorptive state. However Fukagawa et al. (1989) also found no difference 
between the two age groups when he repeated the experiment in the early postprandial 
state.
4.5. Protein Requirements.
The knowledge now gained about protein metabolism in the elderly provides a 
basis for the better understanding of protein requirements and methodologies for their 
assessment.
At different adult ages, protein intake has been shown to remain at a constant 
12-14% of energy intake and so protein intake falls in parallel with energy intake as 
people age. As already discussed, ageing is also associated with a progressive loss of 
lean body mass which may possibly be attributed to this reduction in protein intake. 
Hence one objective when recommending levels of protein intake would be to 
recommend an intake associated with the least possible age-related loss of tissue 
protein, if in fact nutrition can affect such losses.
At present the recommendations for protein requirements, as stated by the 
FAO/WHO/UNU Expert Consultation (1985), have been established using a limited 
number of nitrogen balance studies. The consultation concluded that “ the safe intake 
of protein should not be lower than 0.75 g protein /  Kg per day for older adults and 
the elderly. This figure is higher than that for younger adults in relation to lean body 
mass because it is an accepted fact that protein utilization is less efficient in the 
elderly.”
The consultation used four nitrogen balance studies, the results of which 
provide an inconsistent picture. In one study in Chile, Cheng et al. (1978) studied a 
group of young male prisoners and a group of elderly male nursing home patients. 
The subjects received dietary protein as a wheat - soy - milk mixture given at 0.4, 0.8 
or 1.6 g protein /  Kg and a total energy intake of 40 Kcal / Kg per day. Both age 
groups achieved nitrogen balance at 0.8 g protein /  Kg. However interpretation of this 
study is complicated by the fact that both age groups received the same energy, which 
would have been in excess of requirements for the elderly. This excess energy would
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result in a more efficient retention of the dietary protein hence making the results 
open to criticism.
In the second study Zanni et al. (1979) fed a group of elderly men a protein 
free diet for seventeen days after which egg protein was added at two levels, with an 
approximate requirement intake of energy (31 Kcal /  Kg). Zero nitrogen balance was 
achieved with 0.59 g protein /  Kg. This level is similar to that found with young men 
by the same laboratory in one study (Calloway and Margen, 1971) but not in another 
(Calloway, 1975). This emphasises the variability of the nitrogen balance method. 
This study has been criticised because the protein free period, prior to the feeding of 
the egg protein, may result in a more efficient use of the dietary protein.
In the third study Uauy et al. (1978) fed seven elderly men and seven elderly 
women graded levels of egg protein from 0.52 - 0.85 g /  Kg and an energy intake of 
32 Kcal /  Kg. Five of the women were still in negative nitrogen balance at 0.8g 
protein /  Kg while two men were in negative balance at 0.85 g /  Kg. This study was 
criticised by Zanni et al (1979) as many of the subjects had overt disease and were on 
therapeutic drugs:
Finally in their study, Gersovitz et al (1982) fed seven men and seven women 
aged over seventy 0.8 g egg protein and approximately 30 Kcal /  Kg for thirty days. 
At the end of this period three of the men and four of the women were still in negative 
nitrogen balance.
The results from both Uauy et al. (1978) and Gersovitz et al. (1982) suggest 
that an intake of 0.8 g protein /  Kg per day is only marginally adequate for 
maintaining zero nitrogen balance in the elderly. They also imply that elderly women 
have a greater need for dietary protein than elderly men.
In a more recent study Campbell et al. (1994) studied twelve men and women 
aged 56-80 years who were randomly assigned to receive either 0.8 or 1.6 g protein /  
Kg per day for eleven days. Nitrogen balance was negative for three of the six 
subjects at the lower protein intake and positive for all subjects on the higher protein 
intake. Using these results Campbell estimated that the mean protein intake required 
for nitrogen balance was lg  /  Kg per day. No differences were seen between men and 
women.
Campbell et al. pointed out that in the studies used by the FAO different 
formulas were used to calculate nitrogen balance. Hence they recalculated the protein 
requirement for the three short-term studies using the balance formula recommended 
in the 1985 FAO/WHO/UNU report. Using these recalculated values and the value 
from their study they calculated a weighted average requirement value of 0.91 g 
protein /  Kg per day. Due to the variation of nitrogen balance results they
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recommended a safe daily intake of 1.14 g protein /Kg which is clearly higher than 
that recommended by the FAO/WHO/UNU (1985).
It is clear from these results that more reliable studies are needed to establish 
firm recommendations especially due to the limitations of the nitrogen balance 
method. Roberts and Rosenberg (1994) have discussed specific limitations of the 
nitrogen balance method in its application to studies of older adults. They emphasised 
four main points: underestimation of energy requirements, inadequate equilibration 
periods, overestimation of miscellaneous losses and the validity of expecting zero 
nitrogen balances.
It is often accepted that an equilibration period of five days is adequate for 
nitrogen balance studies. However the study of Gersovitz et al (1982), in which 
elderly subjects were studied for thirty days, showed that the mean nitrogen balance 
for the male subjects was negative on days 6-10 but positive by days 16-20. Hence it 
is possible that elderly subjects may need a longer equilibration period than young 
adults. This may be due to a reduced protein turnover rate.
Roberts and Rosenberg suggest that miscellaneous nitrogen losses are lower in 
the elderly than in young adults. Assuming this is correct then in studies of the elderly 
miscellaneous losses have previously been overestimated, resulting in a false 
prediction of negative nitrogen balance.
Finally, as age progresses there is a gradual loss of lean body mass and so the 
validity of expecting a zero nitrogen balance in the elderly may be questioned. Is a 
negative nitrogen balance in an elderly subject due to inadequate protein intake or the 
‘inevitable’ loss of nitrogen with age?
The combined effect of these factors would result in a negative nitrogen 
balance and hence overestimation of protein requirements in the elderly. On the basis 
of these considerations, Roberts and Rosenberg re-examined the conclusions of the 
four nitrogen balance studies used by the FAO/WHO/UNU (1985). They concluded 
that 0.8 g protein/Kg per day is adequate to meet the needs of older individuals and 
that more studies are required to investigate whether a lower intake may actually be 
adequate to maintain nitrogen balance in the elderly.
These conclusions further emphasises the limits in our knowledge concerning 
protein requirements.
These studies do nothing to answer the question of the optimal protein 
requirement to minimise the loss of lean body mass with age. Unfortunately the 
nitrogen balance method is not sensitive enough to detect how different intakes may 
effect lean body mass losses over the time periods used in such studies. Steen et al. 
(1979) reported average losses for elderly men of 1 Kg lean body mass between the
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ages of 70 and 75 years. This translates into a daily body nitrogen loss of only 20mg 
nitrogen for a 70Kg man, an amount well below the precision of the nitrogen balance 
method. However it seems improbable that high intakes of protein may prevent the 
loss of lean body mass with age, especially as the studies which have documented this 
loss (e.g. Steen, 1988) have been carried out in Western countries where the intake of 
protein is customarily twice the recommended lower safe limit.
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5, The Influence of Protein Quality on Postprandial Protein Utilisation.
The worlds supply of dietary protein is derived from either plant or animal 
sources. It is estimated that plant proteins provide 65% of the worlds supply of 
protein, while animal sources provide only 35%. Of all the plant protein sources, 
cereals play the greatest part, providing 72% of the total plant protein (FAO/Agrostat, 
1991). However these values vary widely, especially between developed and 
developing nations. In North America animal products provide approximately 70% of 
the food protein while in the Far East the figure is only about 20%. With the increase 
in vegetarianism in developed countries and the increasing demands for food 
provision in the developing countries, more information is needed concerning the 
nutritional and health implications of the balance between animal and plant foods in 
the diet. In terms of protein the issue of concern is that of protein quality i.e. the 
provision of indispensable amino acids (IAA).
The requirement for dietary protein consists of two components: a) the 
requirement for the nutritionally IAA and b) the requirement for nonspecific nitrogen 
for the synthesis of the nutritionally dispensable amino acids and other 
physiologically important nitrogen containing compounds, such as the nucleic acids. 
Due to the first component, the nutritive value of a food protein source is dependent 
upon the concentration and availability of its IAA. Hence the efficiency of utilization 
of a protein source depends upon both the physiological requirement for the IAA and 
total nitrogen and on the concentration of specific amino acids in the protein source. 
This raises the question of the content and balance of IAA in plant (I will discuss 
specifically cereals) and animal protein foods. As can be seen from Table 1, cereals 
contain a much lower concentration of lysine than animal foods. In addition, the 
threonine levels are also lower in cereals compared to animal foods.
Food source Lysine Sulphur amino 
acids
Threonine
m g /  g protein
cereals 31 ± 10 37 + 5 32 ± 4
animal foods 85 ± 9 38 44
Table 1. Comparison of the specific indispensable amino acid contents of cereals and 
animal foods. Values are mean ± SD. Based on data from FAO (1985).
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Given these differences in amino acid content it is important to consider the 
ability of cereals and animal proteins to meet the needs of human protein nutrition. So 
we come to the concept of protein quality. Previously protein quality has been 
assessed using animal feeding studies. As discussed above (1.1.1) one such assay 
which has been widely used is the protein efficiency ratio (PER). PER was introduced 
by Osborne et al (1919) and is defined as the gain in body weight per gram of protein 
or nitrogen consumed. Originally PER was determined using rats at several nitrogen 
intakes and the optimum nitrogen intake for maximum weight gain determined. 
Allison et al (1959) showed that the intake of proteins with a higher nutritive value 
had a marked effect on PER.
In contrast to animals, in humans it is extraordinarily difficult to demonstrate 
effects of the amino acid content of dietary proteins on their biological value. The 
ability of wheat and other plant proteins to support nitrogen balance in humans has 
been quite extensively studied but the variability in such trials has resulted in great 
uncertainty about the overall importance of protein quality in human nutrition. 
Differences in the biological values of different protein sources in the same study 
have been demonstrated. For instance Young et al. (1975) obtained a biological value 
of 0.27 for wheat compared to a biological value of 0.51 for beef. However when the 
biological values from a number of studies are compared, the differences between 
wheat and wheat gluten and egg and other proteins become less apparent due to the 
poor reproducibility between studies with the same protein (Millward et al., 1989).
In 1985 the FAO/WHO/UNU suggested the use of an amino acid scoring 
pattern for the evaluation of protein quality. This concept was first introduced in 1946 
by Block and Mitchell who observed a linear relationship between the biological 
value of proteins and the content of their limiting amino acid. The amino acid score is 
defined as the concentration of the limiting amino acid in the food protein and is 
expressed as a proportion or percentage of the concentration of the same amino acid 
in a reference amino acid pattern. Hence the important issue becomes the choice of 
the reference pattern. When Block and Mitchell proposed their scoring procedure they 
used the amino acid composition of egg protein as the standard. However it has since 
been shown that the relatively high amounts of IAA in egg protein resulted in under 
valuation of the quality of many proteins. This has led to the use of estimates of 
human amino acid requirements as the standard for recent scoring systems and this 
was the approach adopted by the FAO/WHO/UNU 1985 report. Comparison of the 
amino acid requirement estimates for the adult derived from the nitrogen balance 
studies of Rose (1957) with the amino acid contents of cereal and animal proteins 
make it clear that the amount of amino acids in any of these food sources (per g
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protein) is much higher than required. As a result all IAA, including lysine in cereal 
proteins, are predicted to be in considerable excess of adult needs on the basis of the 
1985 estimates of requirements, suggesting that there is little reason to be concerned 
with the assessment of protein quality in adults.
However there has been increasing criticism of the requirement pattern 
proposed by the FAO/WHO/UNU (1985) which reported very low adult requirement 
values due to a marked fall in IAA requirements with age. Millward and Rivers 
(1988) have argued that this fall reflects methodological rather than true age- 
dependent differences. The experimental design of the balance studies of Rose (1957) 
and others included high energy intakes and an excess of non-essential nitrogen and 
this design was not used in the studies with children. Thus the adult values reflect 
minimal rather than actual needs which would be generated by the oxidative losses on 
real diets. With requirement values reflecting amino acid oxidation rates which are 
adaptive and vary with intakes they went on to conclude that protein scoring is 
unlikely to be effective. In contrast, Young et al. (1989) accept the use of protein 
scoring to assess protein quality, however they too criticise the IAA requirement 
levels used by the FAO/WHO/UNU report. Using stable isotope balance data and 
theoretical arguments they developed a new adult requirement pattern which is similar 
to the 1985 FAO/WHO/UNU scoring pattern for the 2-5 year old child. This pattern 
contains high lysine levels, hence Young has argued (Young and Pellet, 1990) that 
cereal-based diets are inadequate. Millward et al. (1989) have criticised the pattern 
proposed by Young’s group and have especially argued against the use of studies with 
purified amino acid mixtures. In the most recent international report (FAO/WHO, 
1991), while it did not fully accept Young’s requirement pattern, the FAO/WHO did 
recommend that the 1985 requirement pattern for the pre-school child be used for 
older children and adults until better information is available. So the concept of 
protein quality has again become an important issue.
A second conclusion of Price et al. (1994) related to the implications of 
diurnal cycling for the IAA requirement. It was pointed out that during feeding there 
will be an absolute requirement of indispensable amino acids equivalent to their 
content in the tissue protein repleted. On the basis of the amplitude of diurnal cycling 
in relation to protein intakes observed by Price et al (1994) and the indispensable 
amino acid content of tissues, calculations ccjuld be made of the amounts of 
indispensable amino acids needed to replete postabsorptive losses. When these values 
were compared with the amounts of lysine in wheat protein and the intakes which had 
been reported to maintain balance in nitrogen balance studies it was concluded that N 
balance appears to be possible on intakes of wheat gluten containing less lysine than
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that theoretically required for tissue repletion. This must indicate that in these 
published studies some adaptation in either the amplitude of diurnal cycling, or in 
lysine re-utilisation must occur. The suggestion was made that recycling of amino 
acids liberated during fasting into gain during feeding might occur if the free pool was 
allowed to expand at night. The measurements of Bergstrom et al (1989) suggested 
that the free pools of lysine and threonine but not leucine or the sulphur amino acids 
in muscle fall into this category.
Hence it is clear that new experimental approaches are needed to resolve the 
problem of the importance of protein quality in human nutrition. We intend to 
determine the quality of cereal protein using a study of its utilisation in real food 
within the context of a diurnal model of daily balance, relating protein quality to 
postprandial deposition.
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6. Meal Size and Protein Utilisation.
To date all studies of the effect of feeding on protein turnover and protein 
utilisation have involved feeding regimes based on small frequent meals in order to 
maintain an isotopic and metabolic steady state. In practice of course, feeding usually 
involves non-steady state periods of ingestion of bolus amounts of food and this may 
be an important factor in influencing dietary protein utilisation during normal 
nutrition. The influence of meal size in terms of gorging (large meals) as opposed to 
grazing (small meals) has been examined in relation to energy balance and the 
etiology of obesity but to my knowledge there is no information about the influence 
of meal size on protein utilisation. Clearly this may be an important issue in relation 
to the dietetic management of the nutritionally at risk i.e. the elderly or hospital 
patients where the maintenance of nitrogen balance is problematic. The demonstration 
that meal size influences postprandial protein utilisation would be an important factor 
in the optimisation of nutritional support. As a result in this thesis efforts were made 
to evaluate the efficiency of protein utilisation during ingestion of large meals from 
both milk and wheat protein meals in comparison to a frequent, small meals regime.
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CHAPTER TWO. 
METHODS.
1. Isotopes.
The L-(1-13q leucine (99% ^ C )  and N aH ^ C 0 3  (99% ^ C )  were purchased 
from Cambridge Isotope Laboratories, Wobum, Massachusetts, USA. The isotopes 
were dissolved in saline (150 mmol NaCl) and packaged into 10 ml ampoules (10 
mg/ml) by North wick Park Hospital Pharmacy Department and were confirmed to be 
sterile and pyrogen-free.
2. Stable Isotope Analysis.
2.1. Leucine and KIC Enrichment and Concentration.
Since these studies were initiated before the establishment of the stable isotope 
facility at Surrey the enrichment of plasma KIC for 11 of the 25 subjects studied using 
the triple infusion milk protein study was analysed by the staff of the Nutrition 
Research Group of the Clinical Research Centre at Northwick Park Hospital. The 
remaining plasma samples were analysed for both leucine and KIC enrichment and 
concentration at Surrey using the procedure outline below.
The method employed for the analysis of leucine and KIC enrichment and 
concentration requires only one plasma sample. L-Norleucine (Sigma Chemicals, 
Poole) was used as the internal standard for leucine while for KIC, a-ketovaleric acid 
(KVA) (Sigma Chemicals, Poole) was used.
lOpl of an internal standard solution containing 400 pg/ml norleucine and 200 
pg/ml KVA was added to 200 pi plasma. 900 pi of ice cold ethanol was then added to 
precipitate plasma proteins. The samples were then centrifuged and the supernatant 
evaporated at 70°C under N2 . When dry, 200 pi of distilled deionised water and 
lOOpl of 0.15% O-phenylenediamine (OPD) (Sigma Chemicals, Poole) in 4M HC1 
was aliquoted into each tube and the samples incubated at 90°C for 60 minutes. The 
OPD joins with the KIC to form a quinoxalinol derivative. Cooled samples were then 
extracted with ethyl acetate (Sigma- Aldrich, Poole) and the fractions separated. The 
ethyl acetate fraction contained the quinoxalinol derivative of KIC and the aqueous 
layer contained the leucine. Both fractions were evaporated at 70°C under N2  prior to 
derivatisation. The leucine samples were derivatised with 50pl pyridine (Fluka 
Chemicals, Gillingham) and 50pl N-methyl-N-t-butyldimethylsilyltrifluoroacetamide
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(MTBSTFA) (Phase Separations Ltd., Deeside) at 90°C for 60 minutes. The KIC 
samples were derivatised with 50pl pyridine and 50|il bis- 
trimethylsilyltrifluoroacetamide (BSTFA) (Phase Separations Ltd., Deeside) at 90°C 
for 30 minutes. After derivatisation the leucine samples were diluted with 300|il 
decane (Sigma Chemicals, Poole) and the KIC samples were diluted with lOOjil 
decane. The samples were then transferred to autosampler vials (Chromacol, Welwyn 
Garden City) which were sealed immediately.
The l^ c  enrichment was measured on a MD800 (Fisons Instruments) gas 
chromatograph - mass spectrometer (GC-MS) in selective ion recording (SIR) mode 
under electron impact ionisation. For KIC m/z 232.1 and 233.1 were monitored while 
for leucine m/z 302.2 and 303.2 were monitored.
2.2. Breath.
The enrichment of CO2  in the breath samples from the triple infusion 
milk protein and single meal milk protein studies was measured on a dual-inlet double 
collector isotope ratio mass spectrometer (Finigan Delta S). This was done for us by 
the Nutrition Research Group at the Clinical Research Centre, Northwick Park 
Hospital.
The 13c enrichment of CO2  in the breath samples from the triple infusion 
wheat protein and single meal wheat protein studies was measured using the 
Roboprep G and 20:20 continuous flow isotope ratio mass spectrometer (Europa 
Scientific).
The sample was manually injected using a 10 ml glass, gas-tight syringe 
(Scientific Glass Engineering, Australia). The sample is then carried by the carrier gas 
(helium) through a scrubber tube where any moisture is removed, prior to passage 
through the gas chromatograph where the carbon is separated and, via the operation of 
two solenoid valves, to the 20:20 mass spectrometer for analysis.
A reference gas with a known 13c enrichment was run in conjunction with the 
samples and the enrichment of the samples calculated relative to this standard.
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3. Hormonal and Metabolite Concentrations.
3.1. Insulin Assay.
Insulin was measured using a radioimmunoassay which employs a double 
antibody plus polyethylene glycol method. No extraction of the sample was required. 
The sensitivity of the assay was ~20 pmol/1. The samples were assayed for non­
specific as well as specific binding. All antiserum was provided by the Endocrinology 
Group, University Of Surrey, Guildford.
The sample, or standard, was incubated with 0.04M phosphate buffer 
containing 0.5% bovine serum albumin (Sigma Chemicals, Poole) and insulin 
antiserum for 24 hours at 4°C. The labeled insulin (Amersham International, 
Aylesbury) was then added and the samples incubated for a further 24 hours at 4°C. 
On the third day normal guinea pig serum and the second antiserum (donkey anti­
guinea pig) was added, along with 4% polyethylene glycol. The tubes were incubated 
for 2 hours at 4°C then centrifuged to form the pellet. The supernatant was aspirated 
off and the counts per minute for the pellet measured by means of a gamma-counter 
(1260 Mulitgamma II, Wallac). The insulin standard curve was obtained by plotting 
the insulin standard as a percentage bound of total counts, minus the non-specific 
binding counts. The values for the samples were determined by calculating the 
specific binding minus the non-specific binding and reading the insulin value off the 
standard curve.
3.2. Measurement Of Glucose.
Blood samples from the triple infusion milk studies were analysed using a 
standard automated hexokinase technique by Northwick Park Hospital.
Plasma samples from the remaining studies were analysed at Surrey on the 
Cobas Mira Plus autoanalyser (Roche Diagnostic Systems, Welwyn Garden City) 
using the Unimate Glucose HK kit (Roche), a calibrator solution (calibrator 1, Roche) 
and a quality control solution (control serum N, Roche). In this assay glucose is 
phosphorylated to form glucose-6-phosphate which is reacted with NAD+ to form 
gluconate-6-phosphate and NADH. The formation of NADH is measured 
photometrically and used to calculate the original glucose concentration.
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3.3. Measurement Of Paracetamol.
Plasma samples from the single meal studies were analysed for the appearance 
of paracetamol on the Cobas Mira Plus autoanalyser using a paracetamol 
(acetaminophen) assay kit (Cambridge Life Sciences). The method is based on the use 
of an enzyme specific for the amide bond of acylated aromatic amines. The enzyme 
cleaves the paracetamol molecule, yielding p-aminophenol, which reacts specifically 
with o-cresol in ammoniacal copper solution to produce a blue colour. This colour 
formation is followed spectrophotmetrically. The assay is specific for the parent 
compound and does not detect paracetamol metabolites.
3.4. Measurement Of Urea.
Plasma urea was analysed for the triple infusion wheat protein and single meal 
protocols on the Cobas Mira Plus autoanalyser using a Unimate kit (Roche Diagnostic 
Systems), a calibrator solution (calibrator 1, Roche) and a quality control solution 
(control serum N, Roche). In this assay urea is hydrolysed with urease and the 
ammonium ions reacted with 2-oxoglutarate and NADH to form L-glutamate and 
NAD+. The decrease in the NADH concentration is measured photometrically and 
used to calculate the original urea level.
Plasma urea was measured so that urinary nitrogen excretion could be 
corrected for changes in the size of the total body urea-nitrogen pool during each 3 
hour period. The following formula were used which assume that urea is 
homogeneously distributed throughout the total body water (TBW).
Corrected urinary N-excretion for period = urinary N-excretion during period 
+ changes in total body urea-N during period.
Where:
change in total body urea-N (g N) = (Ue - Ub) * TBW /100 
and TBW = FFM * 0.73
Abbreviations:
Ue = urea-N concentration (mg N /  100 ml plasma) at end of period
Ub = urea-N concentration (mg N /  100 ml plasma) at beginning of period
TBW = total body water (1)
FFM = fat free mass (Kg)
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3.5. Measurement Of Total Nitrogen.
For the triple infusion wheat protein and single meal protocols the urine and 
meal samples were analysed for total nitrogen using the Roboprep CN and 20:20 
continuous flow isotope-ratio mass spectrometer (Europa Scientific). Total nitrogen in 
the meal and in the urine samples was measured to allow calculation of nitrogen 
balance.
Liquid samples were pipetted into a tin capsule and adsorbed onto an inert 
support. Solid meal samples were chopped into small pieces using a liquidiser and a 
weighed sample placed in the capsule. The capsule was then sealed by folding and 
dropped into a combustion tube and burned in the presence of an oxygen pulse. The 
combustion products pass into a reduction tube where excess O2  is trapped and NOx 
reduced to N2 . H2 O and CO2  were also trapped and removed allowing N2  to pass 
into the 20:20 for analysis.
Reference samples containing a known amount of N, similar to the amount in 
the samples, were run in conjunction to the samples. The amount of nitrogen in the 
samples was calculated relative to these standards. For these experiments (N H ^ S C ^  
was used as the standard
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4. CALCULATIONS.
4.1. Steady State Leucine Kinetics.
The model used for leucine assumes that under steady state conditions 
(isotopic and metabolic steady state):
Q = Rd = Ra — O + S — D + I + i
where Q = flux of leucine into, or out of, the pool
Rd = rate of disappearance of leucine from the free pool 
Ra = rate of appearance of leucine in the pool
0  = leucine oxidation
S = protein synthesis i.e. leucine incorporation into body protein 
D = protein degradation i.e. leucine release by body protein breakdown
1 = dietary leucine intake 
i = tracer infusion intake
Q and O can be determined from the results of the constant L -[1 -^C ] leucine 
infusion. Since I can be measured, S and D can be derived.
4.1.1. Flux (Q).
The leucine flux is determined from tracer dilution.
Q = i * Ei 
Ep
where i = infusion rate of L-[1-^C ] leucine (|imol/Kg/h)
Ei = enrichment of L-[1-13q ] leucine infused (this was 98% for these 
experiments).
Ep = enrichment of plasma l^C  KIC at plateau.
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4.1.2. Oxidation (O).
Leucine oxidation is determined by measuring the rate of ^ C 0 2  released by 
oxidation of the tracer (F (^ C 0 2 )).
F(13C02) = F(COo) * Ef^ O O ^ * 44.6 * 60 
100 *R
where F(C02) = CO2  production rate (ml/min)
E(13c 02) = ^ C 0 2  enrichment in expired air at isotopic plateau
44.6 is the factor used to convert F(C02) in ml/min to p,mol/min (at STPD)
60 is the factor used to convert p,mol/min to |imol/hr 
100 is the factor used to converts enrichment from a percent to a fraction 
R is a factor accounting for the L -[1-^C ] leucine oxidised to N a H ^ C 0 3  but 
not released by the bicarbonate pool. R has to been calculated previously to be 0.76 in 
the fasted state and 0.91 in the fed state (Wenham et al., 1991).
Leucine oxidation (|imol/Kg/h) is then calculated as follows:
0 =  F£13C Q 2)*100
BW * Ep
where BW = subjects body weight
Ep = plateau enrichment of plasma KIC.
4.1.3. Synthesis (S; |imol/Kg/h).
Leucine incorporation into protein was determined from the relationship 
S = Q - O
4.1.4. Degradation (D; jimol/Kg/h).
Leucine release from protein breakdown was determined from the relationship 
D = Q - 1
4.1.5. Leucine Balance (B; pmol/Kg/h).
Leucine balance was calculated as 
B = (I + i) - O
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4.2. Non-Steady State Leucine Kinetics.
Due to the non-steady state produced by the single meal the calculations for 
flux, synthesis and degradation described above become invalid because part of the 
change in isotopic enrichment reflects a change due to alterations in the pool size 
rather than the flux. In addition, in the non-steady state Ra ^  Rd. Hence non-steady 
state calculations were used. These calculations were derived by Steele in 1959 and 
their derivation is explained by Wolfe (1992). In principle the equations are derived 
from the equations describing a) the rate of change in tracee with time and b) the rate 
of change of tracer with time. Thus calculation of rate of appearance (Ra) and rate of 
disappearance (Rd) takes in to account changes in the size of the leucine pool and in 
KIC enrichment at successive times.
Hence:
Ra = F - VrfC2 + C l! 7 21 \(E2  - E ll / (t2 - till  
( E 2 - E l ) / 2
where: F = leucine infusion rate
V = volume of leucine distribution
C = concentration of leucine in pool (assumed to be 1.8 times plasma value)
E = KIC enrichment 
t = time
And:
Rd = Ra - V(C2 - C l) /  (t2 - tl)
Then non-oxidative leucine disappearance (protein synthesis, S) is
S = Rd - O
where O = leucine oxidation.
Since O can be calculated with reliability, the value of S is relatively safe.
The endogenous leucine appearance (protein degradation, D) is
D = Ra - (I + i)
where I = dietary leucine intake and i = tracer intake.
Since I is not known on a minute by minute basis and is dependent on stomach 
emptying and protein digestion and absorption rates D cannot be calculated with any 
certainty, but only after making assumptions about intake rates.
42
4.3. Nitrogen Balance.
Urinary nitrogen balance was calculated. No account was taken of faecal or 
miscellaneous nitrogen losses.
Urinary nitrogen balance was calculated as:
nitrogen balance = Ni - Nu
where Ni = nitrogen intake
Nu = urinary nitrogen excretion (corrected for changes in the body urea pool).
4.4. Postprandial Protein Utilisation.
Postprandial protein utilisation may be calculated using nitrogen or leucine 
kinetics.
4.4.1. Leucine Kinetics.
i) Triple infusion protocol.
Postprandial protein utilisation is calculated as the slope of the balance vs. 
intake curve between the two levels of protein intake i.e.
PPU = change in balance flow protein - high protein! 
change in intake (low protein - high protein)
ii) Single meal protocol.
Postprandial protein utilisation is calculated from the instantaneous leucine 
balance i.e.
PPU = intake - cumulative excess leucine oxidation 
intake
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4.4.2. Nitrogen Kinetics.
Postprandial protein utilisation is calculated as net gain /  intake. For the triple 
infusion protocol the change in balance between the low and high protein phases is 
used. For the single meal the 6 hours after the meal is divided in to two 3 hour phases.
PPU = balance 1 - balance 2 
intake
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CHAPTER THREE. 
PROTEIN TURNOVER AND UTILISATION DURING FEEDING.
1. STUDY DESIGN.
1.1. A New Protocol To Evaluate Postprandial Protein Utilisation.
The problems encountered in trying to calculate the postprandial protein 
utilisation values and unequivocally identify the separate effects of dietary energy and 
protein from the data of Price et al. (1994) made it clear that a new protocol for the 
study of postprandial protein utilisation was needed. It was decided at the outset to 
utilise a protocol in which leucine and nitrogen balances at two levels of protein 
intake would be measured. In this way it could be assumed that the endogenous loss 
component of oxidation during feeding would be the same at the two intake levels. 
This was achieved within a single leucine infusion protocol involving three 3-hr 
phases: postabsorptive, low protein and high protein. The high protein intake was 
equivalent to the habitual intake. With leucine balance measured at two intake levels 
during the infusion then the slope of the intake balance curve would predict the 
efficiency of utilisation.
In addition, if the two feeding phases were isoenergetic then it would be 
expected that insulin levels would be increased by the low protein phase and 
maintained at a constant level subsequently when the high protein was fed assuming 
that protein intake has minor effects on insulin secretion and that the difference in fat 
intake did not have any major effect either. Thus the protocol could quantify the 
influence of energy and insulin (postabsorptive to low protein phase) and the 
combined energy and protein response (postabsorptive to high protein) on the 
postprandial leucine kinetics and hence protein turnover.
This triple infusion protocol was the basis of most of the studies described in 
this thesis.
1.2. Evaluation of the Influence of Ageing on Postprandial Protein Utilisation.
Whilst it is clear that several investigators have examined the influence of the 
ageing process on protein turnover it is the case that none have addressed the question 
in quantitative terms i.e. whether the efficiency of postprandial protein utilisation in 
the elderly is reduced. The aim of this study was to see if there was any reduction in 
the efficiency of utilisation with age and to define any defect in nitrogen homeostasis 
which may account for the reduction in lean body mass seen with age.
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At the outset it was decided to address the question of the influence of ageing 
in otherwise healthy and mobile elderly on the basis that any changes in such a group 
would represent the minimum level of any deterioration in protein utilisation i.e. 
changes due to ageing per se and independent of functional decline.
1.3. Subjects.
25 subjects, 15 males and 10 females, were studied using this protocol. The 
subjects were divided into three age groups: young adults; middle-aged and elderly.
The young and middle-aged subjects were recruited via colleagues and friends. 
The elderly subjects were recruited through an advert in the newsletter of the 
University of the Third Age.
All subjects were in general good health, had normal renal and hepatic 
function and were taking no drugs likely to effect their metabolism. No restrictions 
were placed on activities of daily living prior to the study day but subjects were 
encouraged to regulate their eating pattern to one of 12 hours feeding and 12 hours 
fasting for the week prior to the study. The study was approved by the ethical 
committee of the London School of Hygiene and Tropical Medicine where most of 
the infusions were carried out and all subjects gave informed consent after the nature 
of the protocol had been explained to them.
1.4. Experimental Design.
The triple infusion protocol was devised to allow quantitation of the efficiency 
of postprandial protein utilisation, and the factors controlling it, following ingestion 
of weight-maintaining diets that provided dietary protein at either very low (LP) or at 
generous levels comparable to the habitual intake (HP), within a single infusion.
The carbohydrate and total energy content of the meals was designed to be 
kept constant with an exchange of fat with protein to achieve the two protein levels. 
Small isocaloric aliquots of the food were fed at 30 minute intervals during the tracer 
infusion in an effort to clamp insulin at a normal physiological fed state level for both 
levels of dietary protein.
Thus each subject underwent a 9 hour study subdivided into three 3 hour 
periods involving fasting (0-3 hours), feeding low protein meals (3-6 hours) and 
feeding meals equal to the individuals habitual protein intake (6-9 hours).
1.5. Triple Infusion Protocol.
A schematic representation of the protocol is shown in Figure 1.
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Figure 1. 9 hour continuos infusion protocol employed for the triple infusion studies.
The subjects arrived at the metabolic ward after a 12 hour overnight fast. 
Intravenous cannulae were inserted into superficial veins of both arms, one to allow 
continuous infusion of the tracer and the other to allow repeated blood sampling. 
After collection of baseline blood and expired breath samples (in duplicate) priming 
doses of L -(1-13q  leucine (1 mg/Kg) and N aH ^ C 0 3  (0.2 mg/Kg) were given. 
These were immediately followed by commencement of the constant intravenous 
infusion of L -( l-^ C ) leucine (1 mg/Kg/h) administered by an IMED pump, for 9 
hours. During the infusion the subject remained seated or lying on a bed in the 
metabolic room.
_ Blood and expired breath samples were taken every 15 minutes during the last 
hour of each 3 hour period. Meals were fed at 30 minute intervals during each feeding 
phase.
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1.6. Sample Collection.
The order of operations during the infusion was breath and blood collection 
followed by food administration and finally urine collection when any or all of these 
procedures coincided.
1.6.1. Blood.
A cannula was inserted into a superficial arm vein in the opposite arm to that 
receiving the tracer. The cannula was kept patent by the flushing with normal saline. 
Blood samples were taken prior to the administration of tracer to determine basal 
enrichment. Blood was again sampled (approximately 10 ml each sample) at 15 
minute intervals during the final hour of each 3 hour phase when isotopic plateau was 
presumed to have been reached.
The blood was placed into lithium heparin tubes and centrifuged in a chilled 
centrifuge. The plasma was aliquoted into 3 tubes and stored at -20°C prior to 
analysis.
At the beginning and end of each 3 hour phase approximately 2 ml of blood 
was placed into a fluoride oxalate tube for glucose analysis.
1.6.2. Breath.
Breath samples for the analysis of expired ^ C 0 2  were collected prior to 
administration of tracer then at 15 minute intervals for the final hour of each 3 hour 
phase.
Expired breath samples were collected in a latex urine collection bag fitted 
with a one-way valve and tap. The subject blew into the bag and this air was expelled 
twice, with the third exhalation being retained in the bag by closure of the valve. The 
collected breath sample was transferred immediately, using a 20 ml syringe, to two 20 
ml Vacutainer evacuated glass tubes (Becton Dickenson Ltd., Oxford).
1.6.3. Urine.
During the wheat protein study urine was also collected for analysis. Three 3 
hourly urine collections were made.
The subjects were asked to empty their balder prior to the start of the infusion 
and this urine discarded. Urine was then collected into pre-weighed plastic, lidded 
containers to which 2.5 ml glacial acetic acid had been added as preservative. Urine 
was collected for each 3 hour period with subjects asked to empty their bladder at the 
end of each phase. Collected urine was weighed and aliquots taken and stored at - 
20°C prior to analysis.
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1.6.4. Calorimetry.
Total CO2  production rates were measured for at least 60 minutes during each 
3 hour phase by an in-house indirect calorimeter and ventilated hood system.
1.7. Meals.
The low protein (LP) and high protein (HP) diets were isocaloric and weight 
maintaining with the total calorie intake over the 6 hour feeding period representing 
50% of the individuals estimated energy requirement. The daily energy requirement 
was determined from measured resting energy expenditure and an estimated physical 
activity level, derived from activity diaries. Three day weighed dietary histories also 
gave an indication of calorie intake. Each individuals habitual dietary protein intake 
was determined from 24 hour urinary nitrogen measurements, by Kjeldahl analysis, 
along with the 3 day weighed dietary records.
The carbohydrate content of the meals was fixed at 60% of energy with 
dietary protein and fat exchanged isocalorically in the two feeding phases. In the low 
protein meals protein accounted for 2% of energy while in the high protein meals 
protein accounted for approximately 14% of calories, representing the habitual intake 
of the individual. Each meal provided V2 4  of the individuals estimated daily energy 
requirement.
When designing the diets every effort was made to minimise the natural 
content as this has been shown to markedly effect the f^C  content of expired breath, 
thus raising the baseline independently of the tracer (Schoeller et al., 1980). Hence all 
foods containing either maize or sugar cane, which have a high natural 
enrichment, were avoided. The carbohydrate was provided by potato starch which has 
a low natural enrichment of and hence minimised any influence of the food. To 
confirm this a dry run was conducted on 4 subjects who underwent a food only study 
on the day prior to the infusion study, using the milk protein diet. During this dry run 
the food was taken at identical times to that during the subsequent tracer infusion 
study in order to examine the effect of food only on expired ^ C 0 2  enrichment.
Samples of the meals were retained and stored frozen prior to analysis of 
nitrogen content.
Milk protein was used as the protein source for this study as it is a high quality 
protein and so deficiency of an essential amino acid would not be a factor. The meals 
were formulated from potato dextrose (Avebe, Veendam, Holland), double cream and 
milk, either full cream (LP diet) or skimmed (HP diet).
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2. RESULTS.
2.1. Subject Characteristics.
Table 1 shows the characteristics for the 25 subjects studied. The subjects are 
divided by age and sex: young females; young males; middle-aged males; elderly 
males and elderly females. When analysed by age group only there was no difference 
in the weights or Kg fat free mass (FFM, as measured by bio-impedance) between the 
young and elderly subjects. However the elderly had a higher percentage body fat 
(p<0.05) and body mass index (p<0.005) than the young adults, and consequently a 
lower % FFM.
When analysed in terms of five groups (young females, young males, middle- 
aged males, elderly males and elderly females) it is clear that the two female groups 
had the lowest absolute FFM with significantly lower values than either young or 
elderly males (P<0.05). While the two female groups had the higher mean % body fat 
(and lowest % FFM) significant differences were only observed between the elderly 
female and young male groups. Thus the age related changes in body composition in 
terms of increasing fat and decreasing FFM were due to the changes in the female 
group.
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SUBJECT SEX AGE
(yrs)
WEIGHT
(Kg)
Kg FFM % BODY 
FAT
% FFM
YOUNG
FEMALES
HI F 21 54.5 43 21.1 78.9
JV F 31 54 42.7 20.9 79.1
SA F 22 58.7 49.3 15.9 84.0
JW F 28 59 53.7 9.0 91.0
KM F 28 58.5 47 19.7 80.3
mean±SD 26.0±3.8 56.9±2.2a 47.1±4.iab 17.3±4.5ab 82.7±4.5ab
YOUNG
MALES
SA M 21 65 58.3 10.3 89.7
RB M 23 64.8 59.1 8.8 91.2
NG M 22 72 62.9 12.6 87.4
SR M 19 70 57.5 17.9 82.1
DW M 22 64.8 55 15.2 84.9
mean±SD 21.4±1.4 67.3±3.iab 58.6±2.6C 13.0±3.3b 87.0±3.3b
MIDDLE
MALES
DJM M 51 73 53.9 26.2 73.8
PP M 39 55 47.4 13.9 86.2
MO M 34 81.7 61.5 24.8 75.3
PS M 39 90 63 30.0 70.0
sv M 57 68 58.1 14.6 85.4
mean ±SD 44 ± 8.6 73.5±
11.9ab
56.8±5.6bc 21.9±6.5ab 78.1±6.5ab
ELDERLY
MALES
SG M 91 60.5 50.5 16.6 83.5
AN M 71 69.1 56.6 18.0 81.9
WN M 81 67.1 61.3 8.7 91.4
FC M 68 80.5 60.6 24.8 75.3
JW M 77 80 67.9 15.1 84.9
mean ± SD 77.6±8.1 71.4±7.7b 59.4±5.7C 16.6±5.2ab 83.4±5.2ab
ELDERLY
FEMALES
SW F 68 50.9 40 21.4 78.6
SM F 70 65.5 49.4 24.6 75.4
MM F 81 61.8 41.6 32.7 67.3
OH F 70 59.5 42.8 28.1 71.9
JH F 71 69.1 53 23.3 76.7
mean ±SD 72.0±4.6 61.4±6.2ab 45.4±5.0a 26.0±4.0a 74.0±4.0a
ANOVA 
(p value)
0.0193 0.006 0.0103 0.0103
Table 1. Subject characteristics for the 25 subjects studied from 6 groups. The body 
compositions were measured using bioelectrical impedance. Values with different 
superscripts differ significantly (p<0.05)
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The individual subject results used to calculate the mean values discussed in 
this section are given in Appendix 1. The data presented below will first be examined 
in terms of mean values for all subjects (n=25) and then in terms of individual age 
group values as appropriate.
2.2. Hormonal and Biochemical Responses.
The individual plasma insulin values were calculated as the means of two 
samples collected at the beginning and end of the third hour for each three hour 
period.
As demonstrated in Figure 2 plasma glucose increased on feeding low protein 
(p<0.0001) as did plasma insulin (p<0.0001). Both insulin (p<0.05) and glucose 
(p<0.01) fell with the high protein feeding although the changes in the mean values 
were small.
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Figure 2. Plasma glucose and insulin levels for each phase of the triple infusion study. 
Values are mean ± SD.
xx p<0.0001, ++ p<0.01, + p<0.05; paired t-test vs. prior dietary period.
There was however considerable variation among the subjects in their insulin 
responses to high protein feeding, with responses ranging from a fall of 348 pmol/1 to 
an increment of 150 pmolA. One middle-aged subject had a very large insulin 
response to feeding energy indicative of a pre-diabetic condition.
52
co
nc
en
tr
at
io
n 
(u
M
)
Plasma leucine concentrations (Figure 3) fell with low protein feeding (p<0.05) and 
increased with high protein feeding (p<0.0001).
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Figure 3. Plasma leucine concentrations for the final hour of each phase of the study. 
Values are mean ± SD.
xx p<0.0001, + p<0.05; paired t-test vs. previous dietary phase.
2.3. Leucine Flux, Oxidation and Balance.
The enrichments of KIC and CO2  for the last hour of each phase are shown in 
Figure 4. KIC enrichment rose with low protein feeding (p<0.0001) and fell with high 
protein feeding (p<0.0001). CO2  enrichment remained largely unchanged with low 
protein feeding and rose with high protein feeding.
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Figure 4. The enrichments of oc-KIC and CO2  for the final hour of each phase. Values 
are mean ± SD.
xx p<0.0001, paired t-test vs. previous dietary period.
Table 2 shows the leucine flux, oxidation and balance data for the three intake 
levels. The dietary intake was corrected for digestibility, assuming a digestibility for 
milk protein of 95% (FAO/WHO, 1991). The utilisable intake for each phase is also 
shown. This intake has been adjusted to take account of the tracer and the difference 
between the composition of the milk protein intake and the tissue protein deposited 
i.e. since the leucine content of milk protein is higher than that of tissue protein it 
would not be possible to utilise all milk leucine for net protein synthesis. Thus the 
leucine available for net protein synthesis is calculated as:
utilisable leucine intake = (total leucine intake - tracer) * (tissue protein 
leucine content /  food protein leucine content)
This value is utilised in the calculation of postprandial protein utilisation (see below).
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With low protein feeding leucine flux fell (p<0.001) but the oxidation 
remained unchanged. Balance became less negative (p<0.0001). With high protein 
feeding flux (p<0.01) and oxidation (p<0.0001) increased and balance became 
positive (p<0.0001).
PHASE LEUCINE
INTAKE
jimol/Kg/h
UTILISABLE
LEUCINE
INTAKE
(imol/Kg/h
FLUX
jimol/Kg/h
OXID
fimol/Kg/h
BALANCE
(imol/Kg/h
PA 6.99 ±0.31 0 139.69 ± 
14.85
26.37 ± 
6.25
-19.39 ± 
6.23
LP 19.08 ± 
1.34 xx
9.88 ±1.07
X X
121.41 ± 
11.87 **
25.45 ± 
5.29
-5.73 ± 5.42
X X
HP 79.41 ± 
6.87 xx
59.18 ± 
5.63 xx
160.60 ± 
19.25 ++
37.88 ± 
8.69 xx
45.34 ± 
10.99 xx
Table 2. Leucine intake, utilisable leucine intake and leucine flux, oxidation and 
balance for the three phases of the study. Values are mean ± SD. 
xx p<0.0001, ** p<0.01,++ p<0.01; paired t-test vs. prior dietary phase.
2.4. Leucine Turnover.
The rates of protein synthesis and proteolysis during each of the three phases 
of the study are shown in Figure 5.
Dietary energy, and/or the increase in insulin, exerted a protein conserving 
effect resulting in a fall in protein synthesis and a larger fall in proteolysis (p<0.0001). 
The addition of protein to the diet had an anabolic effect, enhancing the inhibition of 
proteolysis and stimulating synthesis (p<0.0001).
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Figure 5. Leucine kinetics for the three phases of the study: rates of synthesis and
proteolysis. Values are mean ± SD.
xx pcO.OOOl, paired t-test vs. previous dietary period.
2.5. Calculation Of The Efficiency Of Postprandial Protein Utilisation.
The balance intake curve for the three leucine intakes is shown in Figure 6. 
Balances are plotted against actual intakes (Figure 6a) or against utilisable intakes 
(Figure 6b). Postprandial protein utilisation, calculated as the slope of the curve 
between the low protein and high protein phases for the actual leucine intake, gives a 
value of 0.840 ±0.112 (cv 13.3%). However the excess of leucine in milk compared 
with body protein means that some increased leucine oxidation with increasing 
leucine intake is inevitable, reducing the apparent efficiency of postprandial protein 
utilisation. The true efficiency is given by the slope of the balance - utilisable intake 
curve in Figure 6b. Correction of the leucine intake results in a more efficient 
postprandial protein utilisation value (1.031 ± 0.135 (cv 13.3%)) being achieved.
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Figure 6 a. The balance-intake curve for the actual leucine intake showing individual 
points for each subject. The lines joins the mean values for each intake and balance. 
The slope of the line gives a value for PPU of 0.840 ± 0 .112 for low protein to high 
protein.
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Figure 6 b. The balance-intake curve for the utilisable leucine intake showing 
individual points for each subject. The slope of the line from the low to the high 
protein phase gives a PPU value of 1.031 ± 0.135.
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Table 3 shows the individual values of postprandial protein utilisation from 
the three possible slopes of the intake-balance curve. Values can be calculated for the 
slopes from postabsorptive to low protein phases (PPUj); postabsorptive to high 
protein phases (PPU2 ) and low protein to high protein phases (PPU3 ). These 
calculations give values of 1.413 ± 0.464; 1.089 ± 0.126 and 1.031 ± 0.135 
respectively. The fact that the value for PPU is >1 is due to the inhibition of the 
postabsorptive level of leucine oxidation by the energy intake. Since this could occur 
with an intake of energy alone with no leucine the slope of this part of the balance 
curve could in theory be an infinitely large and therefore is not physiologically 
relevant.
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SUBJECT PPUi
(PA-LP)
PPU2
(PA-HP)
PPU3
(LP-HP)
HI 1.524 1.054 0.949
JV 1.421 1 .2 0 2 1.153
SA 1.337 1.071 1 .0 1 2
JW 1.127 1.081 1.072
KM 0.591 0 .8 8 8 0.954
SA 2.135 1.089 0.898
RB 1.786 1.196 1.089
NG 1.255 1.163 1.145
SR 1 .2 1 2 1.223 1.225
DW 1.605 0.907 0.768
JM 1.776 1.147 1.007
PP 1.295 1.115 1.079
MO 1.593 1.131 1.059
PS 1.954 1.271 1.135
SV 2.802 1.126 0.973
SG 1.198 1.098 1.078
AN 0.987 1.176 1.214
WN 1.754 1.092 0.945
FC 1.186 0.986 0.947
JW 1.408 1.299 1.277
SW 1.282 0.851 0.744
SM 1.377 1 .0 2 1 0.931
MM 1.057 1.155 1.177
OH 0.490 0.765 0.834
JH 1.168 1 .1 1 1 1 .1 0 0
MEAN ± SD 1.413±0.464 1.089±0.126 1.031±0.135
Table 3. The individual subject values for the slopes of the balance-utilisable intake 
curves between the postabsorptive and low protein phases (PA-LP; PPUi) 
postabsorptive and high protein phases (PA-HP; PPU2) and low protein and high 
protein phases (LP-HP; PPU3).
2.6. Regulation of Postprandial Protein Utilisation.
In this section the responses of the processes involved in leucine utilisation 
(leucine oxidation, protein synthesis and protein degradation) are examined to identify 
any interrelationships, the relative effect of individual variation in insulin levels and 
the relative importance of changes in protein synthesis and protein degradation on 
postprandial protein utilisation.
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2.6.1. Low Protein Feeding.
The individual responses of leucine turnover and insulin to feeding the low 
protein meal are given in Table 4. Because the inhibition of degradation is known to 
be insulin mediated the insulin sensitivity of degradation was calculated as the % 
change in degradation /  A insulin, in order to examine whether the responses reflected 
the insulin levels.
SUBJECT %
CHANGE
CHANGE
IN
INSULIN
INSULIN 
SENS 
OF DEGOXID SYN DEG
HI -6.87 -13.80 -22.06 77 0.29
JV -4.90 -13.43 -23.42 127 0.18
SA -2.08 -19.45 -27.69 1 1 0 0.25
JW 5.65 -19.55 -25.18 190 0.13
KM 35.81 -9.57 -13.50 382 0.04
SA -26.89 -15.51 -28.16 390 0.07
RB -17.90 -25.66 -33.63 143 0.24
NG 1 .1 0 -1.84 -10.63 285 0.04
SR 2.39 -17.15 -24.27 391 0.06
DW -8.09 -18.28 -25.12 1 1 0 0.23
JM -20.85 -5.84 -23.46 103 0.23
PP -0.23 -13.84 -22.27 1 1 0 0 .2 0
MQ -8.27 -16.32 -24.48 290 0.08
PS -24.41 -14.67 -29.98 434 0.07
SV -22.40 -12.79 -20.50 895 0 .0 2
SG 5.84 - 1 0 .6 6 -22.69 285 0.08
AN 15.52 -17.26 -22.89 269 0.09
WN -17.60 -15.10 -25.90 619 0.04
FC 4.70 -5.77 -16.59 255 0.07
JW -4.45 -9.52 -19.68 333 0.06
SW 0.25 3.72 -8.67 156 0.06
SM -4.96 -21.48 -32.86 386 0.09
MM 10.57 -11.94 -21.35 336 0.06
OH 42.94 1.32 -4.18 577 0 .0 1
JH 7.31 -11.59 -23.23 489 0.05
MEAN ± -1.51 ± -12.64 ± -22.09 ± 310 ± 0 .1 1  ±
SD 16.38 6.78 6.85 190 0.08
Table 4. Individual responses of leucine turnover and insulin secretion to feeding the 
low protein meal. The insulin sensitivity of degradation (ins sens deg) was calculated 
as % change in degradation / change in insulin.
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It is clear that the variation in insulin secretion was much greater than the 
variation in the inhibition of protein degradation. The relationship between the two 
variables was first examined by plotting change in degradation against change in 
insulin level.
Figure 7 demonstrates the sensitivity to insulin of low protein stimulated 
leucine turnover responses. There was no obvious relationship between the changes in 
insulin and degradation (Figure 7a). To further inspect the relationship between the 
two variables, the insulin sensitivity of protein degradation was calculated as: 
change in protein degradation /  change in insulin level.
The plot in Figure 7b shows how this parameter varied with the insulin level. It is 
clear that the general shape of the curve conforms with what would be expected from 
a response in which there is a more or less fixed inhibition of degradation in response 
to a variable insulin secretion i.e. individuals vary markedly in their insulin sensitivity 
of degradation.
There was also no relationship between the changes in oxidation and insulin 
(Figure 7c) and as a result the insulin response had no effect on the improvement of 
balance with low protein feeding (data not shown).
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Figure 7a. The sensitivity of leucine turnover to insulin. Correlation between %
change in degradation and change in insulin.
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Figure 7c: Correlation between % change in oxidation and change in insulin.
62
2.6.2. High Protein Feeding.
In Table 5 the individual leucine turnover responses to the high protein meal 
are shown. Values are expressed in terms of % change in the rates (low protein to 
high protein). In order to examine individual variation in the response to protein the 
amino acid sensitivity of degradation was calculated as A degradation /  A leucine 
intake (low protein to high protein).
SUBJECT %
CHANGE
CHANGE
IN
INTAKE
AA SENS 
OF DEG
OXID SYN DEG
HI 47.69 17.18 -24.09 58.55 0.451
JV 23.62 16.53 -43.17 58.55 0.659
SA 54.54 48.73 -3.92 58.55 0.060
JW 39.33 35.09 -34.19 71.56 0.439
KM 56.79 20.33 -22.41 58.55 0.401
SA *93.17 35.08 -15.51 71.56 0.218
RB 48.01 34.43 -23.64 71.56 0.349
NG 23.61 18.64 -29.39 65.05 0.563
SR 9.66 24.82 -52.02 65.05 0.677
DW 72.30 32.39 -6.73 65.05 0.116
JM 68.41 18.40 -43.29 58.55 0.545
PP 35.44 29.64 -32.99 65.05 0.464
MQ 43.97 34.44 -37.92 84.57 0.462
PS 37.27 30.20 -44.96 65.05 0.529
SV 66.09 36.69 -16.07 65.60 0.249
SG 64.30 18.56 -56.31 65.05 0.622
AN 16.52 13.83 -43.02 65.05 0.716
WN 70.83 34.98 -8.58 58.55 0.147
FC 74.92 44.51 -12.92 65.05 0.170
JW 2.19 1.89 -64.55 65.05 0.965
SW 81.41 21.08 -10.18 52.04 0.197
SM 84.06 50.58 -2.84 52.04 0.037
MM 20.62 12.96 -60.26 58.55 0.761
OH 68.48 30.01 -10.24 52.04 0.175
JH 58.83 22.35 -63.83 71.56 0.628
MEAN ± 50.48 ± 27.33 ± -30.52 ± 63.51 ± 0.424 ±
SD 24.22 11.51 19.27 7.20 0.241
Table 5. Individual responses of leucine turnover to feeding the high protein meal. 
The increase in leucine intake is also given. The amino acid sensitivity of degradation 
(aa sens deg) was calculated as change in degradation /  change in leucine intake.
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Figure 8 examines the factors which influence postprandial protein utilisation. 
As expected increases in oxidation were inversely related to PPU (r=0.963, Figure 
8 a). This is because PPU is a measure of the change in oxidation between the low 
protein and high protein diets. There was a good correlation between the inhibition of 
proteolysis and protein utilisation (r=0.854, Figure 8 b) with the inhibition of 
proteolysis promoting protein utilisation. The surprising finding was that the 
stimulation of protein synthesis was inversely correlated with the efficiency of 
utilisation (r=0.512, Figure 8 c) and so the stimulation of protein synthesis actually 
impaired utilisation. The reason for this was evident from the relationship between 
protein synthesis and amino acid oxidation. The stimulation of protein synthesis was 
accompanied by a parallel increase in amino acid oxidation (r=0.592, Figure 9). The 
slope for this relationship was 0.966 so that for every unit increase in synthesis there 
was a similar increase in amino acid oxidation. This suggests that the regulation of 
leucine oxidation and leucine incorporation into protein are linked by a common 
mechanism. The most likely factor is tissue amino acid concentrations.
1 .2 -
■
■
DQ.
Ol ■
■
0.9-
r =  0.9630 . 8 -
0.7
302510 15 200 5
stimulation of oxidation
Figure 8 a. The regulation of postprandial protein utilisation. Correlation between the 
stimulation of oxidation and PPU.
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Figure 8c: Correlation between the stimulation of synthesis and PPU.
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Figure 9. Relationship between the stimulation of amino acid oxidation and the 
stimulation of protein synthesis.
If this is the case then with tissue amino acid levels regulated in part by the 
rate of protein degradation it would be predicted that leucine oxidation would vary 
inversely with the change in protein degradation. As can be seen from Figure 10a the 
stimulation of oxidation was inversely correlated with the inhibition of degradation 
(r=0.806). From these relationships it would be predicted that the inhibition of 
degradation and stimulation of synthesis would be inversely correlated and this was 
observed (r=0.797, Figure 10b). Taken together these interrelationships do suggest 
that the crucial factor in the response to feeding dietary protein is the overall change 
in tissue amino acid levels.
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Figure 10a: Correlation between the inhibition of degradation and stimulation of 
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Figure 11 shows the relationship between the amino acid sensitivity of 
degradation and postprandial protein utilisation which gave a good correlation 
(r=0.839). In other words individuals with a high efficiency of utilisation exhibited a 
greater inhibition of proteolysis per unit intake of dietary amino acids.
The implications of these results are further considered in the discussion.
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Figure 11. The relationship between the amino acid sensitivity of degradation and 
PPU.
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3. The Effect Of Age.
This data describes the comparison of the results of the young adults (n=10, 5 
male and 5 female, age 21.4 ± 1 .4  years) with those of the middle-aged (n=5 males, 
age 44 ±  8 .6  years) and elderly adults (n=10, 5 male and 5 female, age 74.8 ±  7.15 
years).
3.1. Hormonal and Biochemical Responses.
As demonstrated in Figure 12a the elderly 
insulin response to feeding the low protein diet than 
versus elderly). However there was no difference in 
phases.
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Figure 12a. Plasma insulin response for the three age groups studied. 
+ p<0.05, unpaired t-test, young adults vs. elderly.
subjects had a more pronounced 
the young subjects (p<0.05 young 
the postabsorptive or high protein
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There was no difference in the plasma glucose levels between the three age 
groups at any phase (Figure 12b).
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Figure 12b: Plasma glucose response for the three age groups studied.
3.2. Leucine Flux and Oxidation.
Table 6  gives the leucine oxidation, flux and balance data for each age group 
expressed per Kg body weight and per Kg fat free mass (FFM).
No differences were found between males and females at any age, when the 
results were expressed either way.
When expressed per Kg body weight, the elderly had lower rates of both 
oxidation (p<005) and flux (p<005) and a less negative balance (p<0.005) in the 
postabsorptive phase than the young age group. They also had a lower oxidation rate 
(p<0.01) and less negative balance (p<0.05) in the low protein phase. There were no 
significant differences between any of the groups in the high protein phase.
When the results were expressed per Kg FFM the differences became less 
apparent. However the elderly still had lower rates of oxidation (p<0.05) and flux 
(p<0.05) and a less negative balance (p<0.05) in the postabsorptive phase. In the low 
protein phase the elderly still maintained a less negative balance (p<0.05).
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The responses of oxidation and flux to feeding either low or high protein was 
not different in the three age groups.
FEEDING
PHASE
PA LP HP
INTAKE |imol/Kg/h
young 7.03±0.38 19.39+0.38 80.37+5.03
middle 7.04±0.12 18.06+2.68 82.44+8.97
elderly 6.92±0.29 19.28+0.29 76.75+6.29
OXID |imol/Kg/h
young 29.63±5.31 28.51+4.51 41.59+8.46
middle 29.92±4.50 25.56+5.73 37.99+7.33
elderly 21.34+4.12* 22.32+
3.76++
34.13+7.91
OXID (imol/Kg
FFM/h
young 34.98+6.52 33.76+5.96 49.14+10.34
middle 38.43+6.05 32.71+7.04 48.59+8.76
elderly 27.18+4.87+ 28.66+5.81 43.83+11.32
FLUX |imol/Kg/h
young 139.69+14.85 121.41+11.87 160.60+19.25
middle 124.59+13.90 107.95+11.01 145.33+19.09
elderly 115.20+
17.43*
106.48+
14.19+
138.95+
21.31+
FLUX |imol/Kg
FFM/h
young 164.64+15.39 143.37+14.91 189.23+20.57
middle 159.95+17.74 138.48+12.90 186.17+21.19
elderly 149.10+
13.49+
138.36+13.87 181.30+24.59
BALANCE pmol/Kg/h
young -22.61+5.26 -8.47+4.56 42.85+9.62
middle -22.88+4.61 -6.92+6.17 48.41+6.76
elderly -14.42+4.21* -2.40+3.77+ 46.30+13.22
BALANCE fxmol/Kg
FFM/h
young -26.67+6.34 -10.07+5.45 50.34+10.31
middle -29.36+6.05 -8.52+7.84 62.99+13.23
elderly -19.21+4.36+ -3.96+4.49+ 57.76+17.02
Table 6 . Leucine intake, oxidation, flux and balance for each age group per Kg body 
weight and per Kg fat free mass (FFM).
Values are mean ± SD.
* p<0.005, ++ p<0.01, + p<0.05; unpaired t-test young vs. elderly.
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3.3. Leucine Turnover.
The changes in the postabsorptive and daily rates of synthesis and degradation 
per Kg body weight and per Kg FFM with age are shown in Figures 13a - 13c. Daily 
rates were calculated as the mean of the postabsorptive and high protein fed rates 
multiplied by 24 hours.
The postabsorptive rate of synthesis per Kg body weight decreased with age (r 
= 0.447, p<0.05) but this decrease was removed by correction for differences in lean 
body mass (r = 0.380). However decreases in the postabsorptive rate of degradation 
with age were seen when expressed per Kg body weight (r = 0.578, p<0.005) and 
were still apparent following body composition correction (r = 0.547, p<0.05). Daily 
rates of both synthesis and degradation decreased with age (r = 0.45, p<0.05; r = 
0.521, p<0.05 respectively) but only when expressed per Kg body weight.
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Figure 13a: Correlations between the postabsorptive rate of synthesis with age per Kg 
body weight and per Kg FFM.
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Figure 13b: Correlations between the postabsorptive rate of degradation with age per 
Kg body weight and per Kg FFM.
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3.4. Postprandial Protein Utilisation.
The balance-intake curves for the actual leucine intake and the utilisable 
leucine intake for each age group are shown in Figure 14. The slopes of the balance- 
intake curves were not different for each age group for either intake. When the actual 
leucine intake was used (Figure 14a) PPU values of 0.839 ± 0.107 for the young 
adults; 0.858 ± 0.046 for the middle-aged and 0.837 ± 0.134 for the elderly were 
obtained. When the utilisable leucine intake was used (Figure 14b) the PPU values 
obtained were 1.027 ±0.130 for the young adults; 1.051 ± 0.056 for the middle-aged 
and 1.025 ± 0.164 for the elderly.
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Figure 14a: Leucine balance-actual intake curve for the three age groups. Individual 
values and the mean gradients for each age group are shown. The gradients for the 
lines were: young adults 0.839; middle-aged 0.858 and elderly 0.837.
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Figure 14b: The balance-intake curve for the utilisable leucine intake. The gradients 
for the lines were: young adults 1.027; middle-aged 1.051 and elderly 1.025.
It is clear from Figure 14 that the height of the balance curves were different 
for the young adults and elderly. As can be seen from Figure 14c where the balance- 
intake curve is expressed per Kg fat free mass (FFM) this is not due to differences in 
body composition. Thus correction for differences in body composition had no effect 
on the heights of the lines.
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Figure 14c: The balance-intake curve expressed per Kg fat free mass (FFM). The 
gradients for the lines were: young adults 0.839; middle-aged 0.858 and elderly 0.837.
The fact that the heights of the lines were different means that there were 
different leucine requirements for balance. The leucine requirement for balance was 
obtained from the leucine-balance curve as the intake required for zero balance. As 
can be seen from Figure 15 the elderly had a lower requirement than the young adults 
(p<0.05). Thus whilst the elderly on average utilised dietary protein with the same 
efficiency as the younger age groups, because their postabsorptive and low protein 
balances were less negative than the other groups they were able to achieve apparent 
balance at a lower intake.
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Figure 15. Leucine requirement for balance for the three age groups. The balance was 
obtained from the intake-balance curves for each group.
+ p<0.05, unpaired t-test, young adults vs. elderly.
3.5. Regulation Of Postprandial Protein Utilisation.
Examination of the insulin sensitivity of degradation for the three age groups 
(Figure 16a) revealed that the elderly had a lower insulin sensitivity of degradation 
than the young adults (0.06 ± 0.02 and 0.15 ± 0.09 respectively; p<0.01). However 
this lower insulin sensitivity of degradation had no effect on the efficiency of 
postprandial protein utilisation (Figure 16b).
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Figure 16a. The relationship between the insulin sensitivity of degradation and age for 
the three age groups. The regression of the line = 0.500.
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Figure 16b: The relationship between the insulin sensitivity of degradation and the 
efficiency of postprandial protein utilisation.
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No difference is seen in the amino acid sensitivities of degradation between 
the three age groups (Figure 17). However this analysis reveals that the elderly fall 
into two distinct groups: group 1 has high PPU values and high amino acid 
sensitivities of degradation (n=5, 3 male and 2 female; PPU = 1.169 ± 0.073; amino 
acid sensitivity of degradation = 0.738 ± 0.125) and group 2 has low PPU values and 
low amino acid sensitivities of degradation (n=5, 2 male and 3 female; PPU = 0.880 ± 
0.080; amino acid sensitivity of degradation = 0.145 ± 0.056).
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Figure 17. The amino acid sensitivity of degradation for the three age groups. Two 
sub-groups of elderly are revealed.
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These two groups of elderly subjects are further examined in Figure 18 where 
the responses to the high protein meals (low protein to high protein) are calculated for 
the two groups. It can be seen that the low PPU values were due to a greater 
stimulation of oxidation and synthesis (p<0.005 for both values) and smaller 
inhibition of degradation (p<0.0001) in response to feeding the high protein meals 
compared to the high PPU group. This resulted in a less positive balance for the low 
PPU group (pcO.OOl). Thus these results clearly show that where the pattern of 
response to feeding involves stimulation of protein synthesis rather than inhibition of 
protein degradation, because this is accompanied by an increase in oxidation, the net 
effect is a less efficient response in terms of balance.
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Figure 18. Comparison of the response to feeding high protein for the two sub-groups 
of elderly: the low PPU and high PPU groups.
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4.1. Postprandial Protein Utilisation.
The level of dietary protein chosen for the high protein phase in these studies 
was the habitual intake level of the subject, assessed prior to the study. This level was 
chosen because, as previously discussed, Quevedo et al. (1994) have shown that 
feeding intakes lower than those the subject is habituated to results in a smaller 
anabolic response due to excessive oxidation. The habitual intakes of the subjects (all 
age groups included) was however similar (1.17 ± 0.12 g/Kg/d, cv = 10.2%, assessed 
by 24hr urinary nitrogen excretions), so that intakes did not vary markedly in the 
studies.
The protocol was designed with the aim of establishing a physiological insulin 
clamp to enable the influence of dietary protein intake on protein deposition to be 
investigated. In fact, in the majority of subjects studied, the insulin fell in the second 
feeding phase. Although the carbohydrate/energy intake was constant in the two 
feeding phases, the protein and fat were not. In the second feeding phase the fat 
content was decreased to allow for the increased protein content. Hence in the third 
phase there was a reduced stimulus to insulin since dietary fat stimulates insulin via 
glucose-dependent insulinotropic polypeptide (GIP) (Morgan et al., 1992). GIP is a 
gut hormone which is secreted in response to ingestion of fat and carbohydrate. The 
ability of gut hormones to stimulate insulin secretion has been termed the entero- 
insular axis and GIP is generally recognised as being a major component of this axis 
and has been demonstrated to have a powerful insulinotropic effect. In man, fat is a 
more powerful stimulator to GIP secretion than carbohydrate. However postprandial 
circulating GIP levels after an oral glucose load are positively correlated with the size 
of the glucose load ingested. GIP potentiation of insulin secretion may therefore be 
most marked when large carbohydrate loads are ingested or when mixed meals of fat 
and carbohydrate are consumed. Hence in this study the decrease in the fat intake 
resulted in a decreased stimulation of GIP and so a reduction in insulin.
The fact that the insulin levels were not constant in the two feeding phases 
means that the original objective of clamping insulin was not achieved. Nevertheless 
assuming that the influence of insulin on protein metabolism is maximal at low 
insulin concentrations, these small variations in insulin in the second and third phase 
may not be physiologically important for the leucine kinetics. In any case it is 
unlikely to invalidate the calculation of protein utilisation.
The responses to feeding seen in this study provide support for the conclusions
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of Pacy et al. (1994) regarding the roles of insulin and amino acids. Dietary energy, 
via insulin, exerted a protein conserving effect, acting to lower degradation and 
synthesis. Amino acids exhibited an anabolic effect, enhancing the insulin-mediated 
inhibition of degradation, stimulating synthesis and increasing oxidation.
The increase in oxidation in response to high protein feeding was a function of 
the extent to which the leucine dietary supply exceeded the capacity for its net 
deposition. Because the leucine content of the milk protein was greater than that of 
body tissue protein, following net protein deposition during the meal the excess 
leucine would have remained in the free-pool regardless of what fraction of the meal 
was deposited. Hence the stimulation of oxidation may have been a result of the 
composition of the dietary protein used rather than a generalised response to feeding 
protein. The fact that the adjusted calculations of postprandial protein utilisation 
indicated a mean slope of one shows that the increased leucine oxidation entirely 
reflected the dietary excess.
The response of leucine oxidation to feeding was consistent with substrate 
availability acting as the major controlling influence. These responses are consistent 
with those found by Pacy et al. (1994) using diets of constant energy and increasing 
protein. Thus leucine oxidation varied from a small inhibition at low protein to a 
marked stimulation at the high protein intake. These responses where consistent with 
the changes in plasma leucine concentrations, which fell with the low protein and 
increased with the high protein diets.
The reduction in proteolysis in response to the low protein meals and further 
decrease after the high protein meals is consistent with the effects of insulin and 
amino acids acting in an additive way to inhibit degradation (Tessari et al., 1987). 
This was also suggested by the studies of Pacy et al. (1994).
The reduction in protein synthesis in response to the low protein meals and 
stimulation after the high protein meals confirms the importance of the dietary protein 
level and tissue amino acid supply acting as the deciding influence on the direction of 
the change in whole body protein synthesis suggested by Pacy et al. (1994). 
Furthermore, the response of protein synthesis seen in this study reflected the change 
in plasma leucine concentration, falling at the low protein intake and increasing at the 
high protein intake.
Hence it appears that in man the feeding response includes at least two major 
components. The inhibition of proteolysis is the major response to energy and is 
mediated by insulin. When this is marked it results in a reduction in amino acid 
concentrations and hence a reduction in protein synthesis which appears to be 
sensitive to amino acid supply. Increases in insulin are only associated with an
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increase in protein synthesis when accompanied by a generous amino acid supply. 
This is consistent with the studies which have shown that when amino acid levels are 
clamped, increasing insulin up to levels inducing maximum suppression of proteolysis 
does not influence protein synthesis (Castellino et al., 1987; Tessari et al., 1987).
4.2. Theoretical Errors In Calculation of Leucine Kinetics.
There are a number of theoretical considerations which can influence the 
validity of the calculated values of leucine flux and oxidation and of rates of protein 
synthesis and degradation.
The first assumption we shall examine is that the isotopic enrichment of the 
plasma KIC reflects that of the weighted mean true precursor enrichment for protein 
synthesis. It is reasonable to assume that the measured KIC enrichment is close to that 
for the precursor enrichment for oxidation. However the precursor enrichment for 
protein synthesis could be either higher than the enrichment of KIC, and therefor 
nearer to that of plasma leucine, or lower. Assuming that the enrichment of KIC is 
lower than that of the precursor for protein synthesis, which has an enrichment similar 
to that of plasma leucine (with a ratio of KIC : leucine enrichment of 0.75 as observed 
here), then whilst the absolute magnitude of both synthesis and degradation would be 
lower, the responses of synthesis would be very little different. This is because the 
changes in oxidation were in the same direction as the changes in flux so that whilst 
synthesis was a smaller proportion of flux after recalculation, the percentage change 
in synthesis was not very different. In contrast the responses of degradation would be 
more exaggerated.
It is unlikely that the weighted mean true precursor enrichment for protein 
synthesis is lower than that of plasma KIC. However if this was the case then the 
changes in synthesis would be more marked and the changes in degradation less 
marked than reported here but the error would have to be very marked for the change 
in degradation to be eliminated. Thus it is unlikely that precursor considerations could 
change the overall pattern of findings reported here although the extent of changes, 
especially in degradation, could be somewhat different.
Secondly within the 9 hours of the infusion, tracer recycling could increase 
plasma leucine and KIC enrichment and lower the apparent leucine flux. Schwenk et 
al. (1985) showed that after a 24 hour infusion period recycling provided an 
additional 30% of tracer, increasing plasma leucine enrichment and lowering leucine 
flux by 25%. Whilst the time course of such recycling or the influence of the dietary 
intake on the recycling is not known, assuming it developed linearly with time (i.e.
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1.25% tracer/hr) the KIC enrichment in successive 3 hr periods would be increased by 
3.75% and 7.5% at 6 and 9 hours respectively with corresponding underestimates of 
the true flux by 3.4% and 7%. Estimates of oxidation rates would not be affected 
since both precursor and product would become equally labeled. The effects of this 
would be to reduce the extent of inhibition of degradation on feeding by about 20%. 
For synthesis, true responses would be increased by about 20%. Thus whilst the 
balance between the changes in synthesis and degradation in response to feeding 
would shift towards a greater anabolic role for the stimulation of synthesis and less for 
the inhibition of degradation, the overall pattern of responses and conclusions would 
not be changed.
Thirdly splanchnic utilisation of dietary leucine, the first pass effect, may 
influence the true appearance of exogenous leucine in the metabolic pool examined. 
Calculation of degradation, as flux - intake, would be underestimated with inhibition 
of degradation overestimated. The leucine plateau enrichment is lower during 
intragastric (ig) compared with simultaneous intravenous (iv) tracer infusions with 
ig:iv ratios of 0.8 fasted and 0.77 fed (Hoerr et al., 1991) and this is usually taken to 
imply a first pass removal of dietary, and hence unlabeled, leucine of 20-24%. 
However as discussed by Beaufrere et al. (1992) the physiological significance of this 
is by no means clear. In contrast to the differences in leucine enrichment, the plateau 
enrichments of KIC during iv and ig infusions are not very different. This is usually 
interpreted as indicating that leucine sequestered by splanchnic tissues is 
transaminated and released as KIC which could theoretically be made available by 
peripheral transamination. However because of compartmentation of the whole body 
metabolic pool, the true whole body leucine flux in the fasted and fed states vary in a 
complex way compared with apparent values indicated by plateau leucine or KIC 
enrichments during iv and ig infusions. Because of this there is considerable 
uncertainty about how the relative magnitude of iv and ig administered tracer labeling 
should be used to calculate the first pass effect and the true magnitude of dietary 
intake. On the basis of a first pass reduction in dietary leucine intake of 10%, 
recalculation of the feeding effect on degradation would reduce the overall inhibition 
of degradation (postabsorptive to high protein) from 46% to 40%. Thus the inhibition 
of degradation is still four times that of any stimulation of synthesis (the calculated 
value of which would not be different). Even in the worst case with increased 
recycling and a 10% first pass the pattern of responses in terms of a major change in 
protein degradation and a much less marked stimulation in synthesis would still be 
observed.
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Taken together these theoretical considerations mean that whilst there is some 
uncertainty about the absolute magnitude of the influences of energy and protein on 
synthesis and degradation, the qualitative nature of the findings is unlikely to be in 
error.
4.3. Efficiency Of Postprandial Protein Utilisation.
Initially the leucine-balance curve was plotted against the actual leucine intake 
which included the tracer leucine as well as the meal leucine. However there are good 
reasons to suppose that this leucine intake-balance plot will not accurately reflect 
postprandial protein utilisation. Firstly, no deposition of the tracer in the 
postabsorptive state can occur due to the unavailability of other amino acids. So we 
need to remove the tracer from the intake. Secondly, milk leucine content exceeds that 
of tissue protein and therefore exceeds the capacity for its deposition. Hence, while 
leucine balance reflects the gain or loss of tissue protein leucine, the leucine intake 
does not reflect the protein intake which can be deposited. The calculation of 
postprandial protein utilisation should relate balance to an intake which is comparable 
to tissue protein. Thus the true postprandial protein utilisation will reflect the slope of 
the balance-intake curve when the leucine-nitrogen ratios are the same in each case. 
Thus the leucine intake must be adjusted to take account of the excess leucine content 
of milk. In fact the leucine contents of milk and tissue protein are 4.81 and 3.93 
mmol/g respectively. This means that the utilisable leucine intakes were calculated 
according to the expression:
utilisable leucine intake = (leucine intake - tracer) * 3.93/F 
where F = food protein leucine content (mmol/g).
Using the corrected leucine intakes resulted in a more efficient value for 
postprandial protein utilisation being attained (1.03 ± 0.13 compared to 0.84 ± 0.112, 
from the low to high protein phase).
From our data three intake-balance curves and hence three efficiencies of 
utilisation can be analysed: between the postabsorptive and low protein phases; 
postabsorptive and high protein phases and low protein and high protein phases.
The value obtained between the postabsorptive and low protein phases is a 
measure of the utilisation of dietary leucine in the sub-maintenance range. Hence it 
illustrates the ability of dietary energy, via its influence on insulin, and the small
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amount of dietary protein present, to inhibit the postabsorptive losses. For the 
majority of the subjects the value for this slope was greater than one (mean = 1.413 ± 
0.464). This reflects the fall in oxidation exhibited by some of the subjects on feeding 
low protein. This fall in oxidation could still have occurred if the diet was protein 
free, in which case the efficiency of utilisation would have been an infinitely large 
number. Thus the value of postprandial protein utilisation calculated between 
postabsorptive and low protein intakes is not a physiologically useful parameter.
The value obtained between the postabsorptive and high protein phases is 
similar to the value obtained by us in Chapter One using the data of Price et al. (1994) 
in that it includes the contributions made by both dietary energy and protein to 
utilisation. This is the value which was used when the relationship between the insulin 
response and the efficiency of utilisation was investigated. The role of insulin alone is 
seen from the postabsorptive to low protein phase, however insulin may also modify 
the response seen when protein is fed. Hence the value for the efficiency of utilisation 
from the postabsorptive to the high protein phase was used to examine the influence 
of insulin.
Finally, the value obtained between the low and high protein phases is 
theoretically the best indicator of postprandial protein utilisation since it involves just 
the responses to the dietary protein. Measurement of this slope allows the analysis of 
postprandial protein utilisation against an assumed constant background of both 
obligatory and adaptive endogenous losses. Analysis of this slope gave us a value for 
the efficiency of postprandial protein utilisation of 1.031. The similar result obtained 
for postprandial protein utilisation by using the slope between the postabsorptive and 
high protein balances (1.090 compared to 1.031 from low to high protein) confirms 
the assumption drawn in Chapter One that the habitual diet-related endogenous 
oxidative loss is similar in the postabsorptive and postprandial state.
The milk-based diet used in these studies was the same as that used by Price et 
al. (1994). In Chapter One we used Price's data to calculate a value for the efficiency 
of utilisation. When doing these calculations we used total leucine intake and made no 
corrections for utilisable intake. This value obtained by us using Price's data is similar 
to that obtained from this study when the actual intake was used (0.797 and 0.840 
respectively). This provides support for the assumption used when calculating 
postprandial protein utilisation from Price's data, that the slope of the increase in 
endogenous losses with increasing protein intake is similar to the slope of the increase 
in fasting losses.
So it would appear that in healthy adults milk protein is utilised with a 
theoretically maximal (100%) efficiency for postprandial protein utilisation.
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4.4. Regulation Of Postprandial Protein Utilisation.
Since protein deposition is determined by protein intake and oxidation i.e.
deposition = intake - oxidation 
changes in oxidation will be directly related to the efficiency of postprandial protein 
utilisation. Given this we need to ask why the correlation obtained between change in 
oxidation and postprandial protein utilisation was not perfect (Figure 8a). This was 
due to the variation in the magnitude of the high protein intakes. These were 
determined by the habitual intake and so differed between subjects. Thus some of the 
variation in oxidation reflected variation in the magnitude of the intakes. Had the 
changes in oxidation been corrected to the same intakes, assuming no change in the 
observed efficiency of postprandial protein utilisation, the correlation would have 
been perfect.
Since net deposition is achieved by changes in synthesis and/or degradation we 
needed to determine which is the key process. The inhibition of degradation was 
positively correlated with postprandial protein utilisation. Surprisingly the stimulation 
of synthesis was inversely correlated with postprandial protein utilisation. Hence it 
appears that the inhibition of degradation enhances utilisation while the stimulation of 
synthesis worsens it. So it would appear that the inhibition of degradation is the key 
process in determining the efficiency of deposition.
This relationship between synthesis and postprandial protein utilisation is very 
surprising but is explained by the relationship between oxidation and synthesis. The 
stimulation of synthesis is positively correlated with the stimulation of oxidation with 
a slope of 0.966 i.e. there is similar increase in both oxidation and synthesis. This 
means that any advantage from an increase in protein synthesis will be lost by the 
similar increase in oxidation. These results suggest that stimulation of synthesis is 
related to the same factors which stimulate oxidation i.e. amino acid levels. A possible 
mechanism for this control of postprandial protein utilisation is that maximal 
inhibition of degradation with feeding results in no more than a small increase in free 
amino acids and hence there is little stimulation of synthesis and oxidation and so 
efficient utilisation. However when degradation is not maximally inhibited, the free 
amino acids are elevated and hence oxidation and synthesis are stimulated. If the 
compensatory increase in synthesis is less in absolute terms than deficit in the 
inhibition of degradation the net result is a less positive balance and a less efficient 
utilisation is achieved.
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Since the response to feeding involves responses to insulin and amino acid 
levels the relationship between these levels, degradation and hence postprandial 
protein utilisation need to be evaluated.
We have already seen that the main response to the low protein feeding was 
the inhibition of degradation resulting in conservation of protein. Despite the large 
variation in the magnitude of the insulin response no relationship is seen between the 
insulin response and inhibition of degradation. There was also no relationship 
between the insulin sensitivity of degradation and postprandial protein utilisation so 
there appears to be no relationship between the extent of insulin secretion and the 
efficiency of protein utilisation.
We also need to examine the amino acid sensitivity of degradation. The 
relationship between the amino acid sensitivity of degradation and postprandial 
protein utilisation gives a near perfect plot but it is important to investigate why it is 
not perfect. To do this we can compare two individuals with the same postprandial 
protein utilisation values but very different amino acid sensitivities of degradation 
(Table 1). We have already seen that an increase in synthesis tends to be detrimental 
to postprandial protein utilisation since it is usually associated with an increase in 
oxidation. However from Table 7 we can see that this is not always the case. Subject 
WN had a greater increase in synthesis and smaller inhibition of degradation than 
subject HI however their increases in oxidation and postprandial protein utilisation 
values were the same. Hence, subject WN had a stimulation of synthesis which was 
not accompanied by an increase in oxidation which enabled an efficient utilisation to 
be achieved.
Subject PPU aa sens deg A deg A syn A oxid
WN 0.945 0.147 -8.64 34.33 15.58
HI 0.949 0.451 -26.38 16.74 15.42
Table 7. Comparison of the responses to feeding high protein of two subjects with the 
same value for postprandial protein utilisation but very different values for the amino 
acid sensitivity of degradation (aa sens deg).
Hence in conclusion, postprandial protein utilisation is a function of the degree 
to which degradation is inhibited by amino acids in the presence of insulin. Increases 
in synthesis are generally counter productive since they are associated with increases 
in oxidation. Only in a few individuals is the increase in synthesis advantageous.
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4.5. The Effect Of Age.
One possible cause for the loss of lean body mass with age is defective 
regulatory control of the mechanisms by which lean body mass is controlled. As 
previously described, for nitrogen balance postabsorptive losses must be repleted in 
the postprandial state. Hence in the elderly either excessive losses or inadequate 
postprandial repletion would result in loss of lean body mass.
However the findings reported have shown that postabsorptive losses actually 
decreased with age, although this was less obvious following correction for 
differences in the lean body mass. It is possible that this could reflect a lower habitual 
protein intake in the elderly compared to the young adults and hence the regulatory 
component of the losses relating to the habitual diet were lower. However the protein 
intakes for the two groups, calculated from 24 hour urinary nitrogen excretions, 
showed no differences (protein intake was 1.19 ± 0.08 g/Kg/day for the young adults 
and 1.12 ± 0.12 g/Kg/day for the elderly).
Our results agree with the small number of previous studies into protein 
metabolism in the elderly (e.g. Winterer et al., 1976 and Uauy et al., 1978a) which 
have demonstrated lower rates of synthesis and degradation per Kg body weight. 
Uauy et al. found that when corrected for differences in body composition the rates of 
synthesis and degradation were no longer different but our elderly maintained a lower 
degradation rate. Unlike the studies of Lehmann (1989) and Winterer et al. (1976) we 
found no differences between men and women in either the young adults or elderly.
In their study Pannemans et al. (1995) found that the differences in the rate of 
protein turnover with age were dependent on the protein intake. However in our 
study, when corrected for differences in body composition, there was no differences 
in protein turnover rates between the elderly and young adults at either the low or 
high protein intake.
However, when considering the differences between the elderly and young 
adults following correction for differences in body composition, the difficulties in 
assessing body composition in the elderly should be discussed. Unfortunately it is 
very difficult to obtain a reliable measure of body composition in the elderly. Many of 
the changes in body composition associated with ageing, such as decreased bone 
density, internalisation of body fat and reductions in total body water, may make the 
assumptions inherent in many techniques invalid. Furthermore the more accurate 
measurements, such as computed tomography, are less widely available in the 
majority of studies. Hence a number of investigators have attempted to validate the 
use of techniques such as bioelectrical impedance (BIA) in the elderly (e.g. Reilly et
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al., 1994). Deurenberg et al. (1990) recommended the use of an age-related predictive 
equation when using BIA as they felt that the use of equations derived from a younger 
age group would lead to overestimation of fat free mass in the elderly. However both 
Reilly et al. (1994) and Svendson et al. (1991) found that using Deurenberg's equation 
tended to result in overestimation of body fatness in healthy elderly subjects. Reilly et 
al. (1994) concluded that using BIA with the standard manufacturers equation in a 
group of healthy elderly people resulted in similar body fat percentages as obtained by 
other two compartment methods including densitometry. Thus our use of BIA, using 
the standard manufacturers equation, in all subjects could be assumed to have given us 
reasonably reliable results.
The other possible explanation for the inability of the elderly to maintain 
nitrogen balance is an inadequate postprandial repletion. However under the 
conditions used in this study, this group of elderly on average showed no difference in 
their ability to deposit dietary protein. These results are contrary to the conclusions of 
the FAO/WHO/UNU (1985) who stated that protein utilisation is less efficient in the 
elderly. Hence in this group of active, healthy elderly we have identified no evidence 
of impaired nitrogen homeostasis for the group as a whole. However as already 
indicated 4 out of the 10 subjects did have values for postprandial protein utilisation 
which were lower than any of the other subjects at any age. This is shown in Figure 
19 in which the postprandial protein utilisation calculated for the meal as a whole (i.e. 
the postabsorptive to high protein slope) is plotted against age. The 4 elderly subjects 
with the lowest values for posptrandial protein utilisation had mean values of 0.806± 
0.09 compared with 1.02+0.06 for the other 6 subjects.
One possible reason for the lack of overall difference between our elderly and 
younger subjects could be that the elderly subjects we used were not representative of 
elderly subjects in general. Our elderly subjects were all mobile and generally fit. The 
beneficial effects of exercise in ameliorating losses of lean body mass in the elderly 
are well documented. Indeed examination of the body composition of our elderly 
subjects compared to the younger adults showed that although they had a greater 
percentage body fat there was no significant difference in their lean body mass for the 
group as a whole or for the subgroup with the lower postprandial protein utilisation 
values. Thus it is not clear whether the subgroup with reduced postprandial protein 
utilisation values represent a population of elderly who are at risk from development 
of loss of lean body mass. There is a clear need to conduct further studies in the future 
on a less mobile elderly group.
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Fig 19. Relationship between postprandial protein utilisation and age.
With the overall responses to feeding in the elderly similar to that of younger 
ages then the regulatory mechanisms of feeding on protein deposition would not be 
expected to be markedly different and this was observed. However one observed 
difference in the elderly was a more pronounced insulin response to the low protein 
meal. This resulted in a lower insulin sensitivity of degradation compared to the 
young adults. However this had no effect on the overall efficiency of utilisation as 
measured here.
As for the amino acid sensitivity of degradation, when the values for the 
elderly were compared to those of the young adults no differences were found 
between the age groups. However close inspection of the data revealed that when the 
elderly is sub-divided into the two groups in terms of postprandial protein utilisation 
(calculated as low to high protein slope): i.e. a low postprandial protein utilisation 
group with a mean value of 0.880 and a high postprandial protein utilisation group 
with a mean value of 1.169; then the reduced efficiency of postprandial protein
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utilisation was due to a reduced sensitivity of whole body degradation to amino acid 
intake. It is tempting to suggest that these elderly may require higher habitual protein 
intakes to ensure optimal postprandial protein deposition.
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CHAPTER FOUR.
THE EFFECT OF PROTEIN QUALITY ON THE EFFICIENCY OF
POSTPRANDIAL PROTEIN UTILISATION.
1. STUDY DESIGN
1.1. Objectives of the Current Study.
It is clear form the review in the introduction to this thesis that in the human 
adult at balance the nature of the amino acid requirement for postprandial repletion of 
postabsorptive losses and hence the influence of protein quality on postprandial 
protein utilisation is a complex issue. The possibility of recycling essential amino 
acids released by the postabsorptive net proteolysis into postprandial protein gain 
means that it is difficult to predict with certainty the influence of dietary protein 
quality on postprandial protein utilisation. Furthermore what is not known is the 
regulatory influence of changes in amino acid composition on the regulatory 
responses of prot6in synthesis and proteolysis. The studies in this section are designed 
to address these issues.
1.2. Subjects.
5 subjects ( 4 male and 1 female) were studied using this protocol. These 
subjects had previously been studied using the triple infusion milk protein protocol. 
The subjects had made no changes to their habitual diet between the studies.
1.3. Experimental Design.
The aim of this study was to investigate the influence of protein quality on the 
efficiency with which the protein is utilised postprandially. Wheat protein was studied 
since the fact that the lysine content of cereals in general and wheat in particular is so 
much lower than the lysine content of animal tissues means that in rat growth trials 
wheat protein is identified as of very low biological value. Furthermore the magnitude 
of human lysine requirements and the consequent quality of wheat protein is at the 
centre of the current debate about the importance of protein quality in human 
nutrition. The results obtained with wheat protein were compared with those achieved 
by the same subjects fed a milk protein meal.
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1.4. Protocol.
The triple infusion protocol, as described in Chapter 3, was used to assess the 
magnitude and mechanisms of postprandial protein utilisation. The only change to the 
protocol was the amount of leucine infused which was decreased from 1 mg/Kg/h to 
0.5 mg/Kg/h to preserve isotope and hence reduce costs.
1.5. Meals.
The meals used for this study differed only in their protein source from those 
used in the triple infusion milk protein studies. 4 of the 5 subjects had undergone 
weight change between the studies and hence the total energy intake was altered to 
take account of this.
The meals were made up from stoneground, wholemeal bread (Bakers Choice, 
St. Michael), margarine (Sainsbury's) and potato dextrose. The wholemeal bread 
contained no soya flour and the crusts were removed from each slice. The potato 
dextrose was dissolved in water with a small amount of sugar-free orange squash 
(Sainsbury's). The meal composition is shown in Table 1.
Feeding Phase Food Source (g) Kcal protein
bread margarine potato
dextrose
low protein 32.2 ±4.7 29.2 ±2 .9 81.2 ±8 .3 13.0 ± 1 .9
high protein 183.0 ±23.4 15.4 ±2.7 23.4 ± 8 .9 72.6 ± 9.3
Table 1. Composition of the test meals. Values are mean ± SD.
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2. RESULTS.
2.1. Subject Characteristics.
Table 2 shows the subject characteristics for the 5 subjects studied using this 
protocol.
Subject Sex Age
(yrs)
Weight
(Kg)
FFM
(Kg)
% Body 
Fat
BMI
(Kg/m2)
DJM M 53 74 53.9 27.1 25.6
NG M 24 75 57.3 23.6 22.2
PP M 41 55 47.4 13.8 19.0
JV F 33 53 42.7 19.4 20.3
SA M 23 68 58.3 14.3 22.49
mean ± 34.8 ± 65 ± 51.92 ± 19.64 ± 21.92 ±
SD 11.21 9.32 5.98 5.18 2.24
Table 2. Characteristics of the subjects studied using the triple infusion wheat 
protocol.
The individual subject results used to calculate the mean values discussed in 
this section are given in Appendix 2.
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2.2. Hormonal and Biochemical Responses.
The plasma insulin values for each phase are the mean of two measurements at 
the beginning and end of the final hour of each phase. As demonstrated in Figure 1 
plasma insulin increased on feeding (p<0.05) as did plasma glucose. Both glucose and 
insulin fell with high protein feeding although this fall was not significant.
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Figure 1. The plasma insulin and glucose concentrations for the 3 phases of the triple 
infusion wheat study. Values are mean ± SD.
+ p<0.05, paired t-test vs. previous dietary period.
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Figure 2 shows the urinary nitrogen excretion and plasma urea concentrations 
for the 3 feeding phases. Urinary nitrogen excretion did not change over the 3 phases 
while the urea pool decreased with each phase, this fall only being significant with 
high protein feeding (p<0.05). Hence some of the urinary nitrogen was provided by 
the body urea pool.
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Figure 2. Plasma urea concentrations and urinary nitrogen excretion for the 3 phases 
of the triple infusion wheat study. Values are mean ± SD.
+ p<0.05, paired t-test vs. previous dietary period.
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2.3. Amino Acid Responses.
The effect of feeding on the enrichments of plasma leucine and KIC are shown 
in Figure 3. On feeding low protein the enrichments of both leucine and KIC 
increased slightly and then fell with high protein feeding. For KIC this fall in 
enrichment with high protein feeding was significant (p<0.05).
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Figure 3. The enrichment of plasma leucine and KIC for each phase of the study. 
Values are mean ± SD.
+ p<0.05, paired t-test vs. previous dietary period.
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The responses of the plasma concentrations of leucine, lysine and KIC to both 
levels of feeding are shown in Figure 4. With low protein feeding the concentration of 
leucine (p<0.5), lysine (p<0.005) and KIC (p<0.005) fell significantly. With high 
protein feeding the concentrations of leucine and KIC rose but the concentration of 
lysine remained unchanged.
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Figure 4. The plasma concentrations of leucine, lysine and KIC for each phase of the 
study. Values are mean ± SD.
+ p<0.05, * p<0.005, paired t-test vs. previous dietary period.
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2.4. Leucine Flux.
Table 3 shows the leucine flux data for the 3 intake levels. The nitrogen 
content of the meals was measured and corrected for digestibility (93% from Young 
et al., 1975). From this the leucine content of the meals was calculated. The utilisable 
intake is the intake following adjustment to take account of the tracer and the 
difference between the composition of the wheat protein intake and the tissue protein 
deposited.
Leucine flux fell by 19% on low protein feeding (p<0.05; one tailed one 
sample t-test). Feeding the high protein diet resulted in a 25% (p<0.005) increase in 
flux.
Feeding Phase Intake 
fimol leucine/Kg/h
Utilisable Intake 
|Limol leucine/Kg/h
Flux
jimol leucine/Kg/h
postabsorptive 3.68 ± 0.07 0 149.56 ± 37.93
low protein 10.25 ± 0.46 8.17 ±0.57 121.83 ± 16.27+
high protein 42.39 ± 3.62 48.14 ±4.50 152.45 ±16.66*
Table 3. The leucine intake and flux values for the 3 phases of the study. Values are 
mean ± SD.
* p<0.005, paired t-test vs. prior dietary period. + p<0.05, one tailed, one sample t- 
test.
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2.5. Leucine Oxidation. Turnover and Balance.
The magnitude of leucine oxidation, synthesis, proteolysis and balance during 
each of the 3 feeding phases are shown in Figure 5.
Low protein feeding resulted in a significant fall in proteolysis (p<0.05) and 
also non-significant falls in oxidation and synthesis, resulting in a less negative 
balance (p<0.01).
The high protein diet resulted in significant increases in oxidation (p<0.005) 
and synthesis (p<0.005) but no change in proteolysis. Balance became positive 
(p<0.0005).
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Figure 5. Leucine oxidation, synthesis, proteolysis and balance for each phase of the 
triple infusion wheat study. Values are mean ± SD.
+ p<0.05, ++ PcO.Ol, * p<0.005, x p<0.0005; paired t-test vs. previous dietary period.
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2.6. Postprandial Protein Utilisation.
The balance-intake curve is shown in Figure 6. At each intake level the 
balances for each individual subject are shown. Balances are plotted against digestible 
intakes (Figure 6a) and against utilisable intakes (Figure 6b) where the intakes have 
been adjusted to take account of the tracer and the difference between the leucine 
composition of the meal protein and of the tissue protein deposited. The mean slope 
of the balance-intake curve calculated between the low and high protein phases gives 
a value for postprandial protein utilisation of 0.834 ± 0.067 (cv 8.0%; Figure 6a) or 
0.671 ± 0.054 (cv 8.0; Figure 6b).
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Figure 6a: Balance-digestible intake plot. The individual balances for each intake are 
shown. The mean slope gives a value for postprandial protein utilisation of 0.834
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Figure 6b: Balance-utilisable intake plot. The individual balances for each intake are 
shown. The mean slope gives a value for postprandial protein utilisation of 0.671.
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Figure 7 compares the postprandial protein utilisation values calculated using 
leucine and nitrogen balances. The postprandial protein utilisation value calculated 
using nitrogen was higher than that calculated using leucine but this difference was 
not significant.
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Figure 7. Comparison of the postprandial protein utilisation values calculated using 
leucine and nitrogen balances. Values are mean ± SD
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3. The Effect Of Protein Quality: Wheat Versus Milk.
The results obtained for the triple infusion wheat study are compared with the 
results obtained for the same 5 subjects in the triple infusion milk study.
3.1. Hormonal and Biochemical Responses.
Figure 8a shows the plasma insulin concentrations at each phase for both the 
milk and wheat studies. There was no significant difference in the concentrations at 
any phase (paired t-tests).
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Figure 8a. Comparison of the plasma insulin concentrations in the triple infusion milk 
and wheat studies. Values are mean ± SD.
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Figure 8b shows the plasma glucose concentrations and again there were no 
significant differences.
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Figure 8b. Comparison of the plasma glucose concentrations in the triple infusion 
milk and wheat studies. Values are mean ± SD.
109
3.2. Leucine intake and Flux.
Table 4 shows the digestible and utilisable leucine intakes and flux values for 
each phase of the 2 studies.
The digestible leucine intake was significantly lower in all phases (p<0.0001). 
The leucine content of the infusion was halved (to reduce the amount of isotope used) 
for the wheat compared to the milk studies which accounts for the difference in the 
postabsorptive phase. Although it was planned that the protein intake would be the 
same in both studies, the measured nitrogen content of the bread was lower than 
expected. The differences in the feeding phases is also due to the lower leucine 
content of wheat compared to milk (420 and 640 mg leucine/g nitrogen respectively) 
and also the lower digestibility of wheat protein compared to milk protein (93% and 
95% respectively).
Calculation of the utilisable leucine intake decreases the magnitude of the 
differences in the feeding phases (p<0.005 low protein phase and p<0.01 high protein 
phase). Both milk and wheat proteins have a different leucine:nitrogen ratio compared 
with tissue protein with wheat protein having excess leucine and milk protein 
deficient leucine. In fact the leucine contents of milk, wheat and tissue protein are 
4.81, 3.16 and 3.93 mmols/g N respectively.
There was no significant difference in the leucine flux between the 2 studies at 
any time.
Feeding
phase
leucine intake 
fiM/Kg/h
utilisable intake 
jiM/Kg/h
flux
flM/Kg/h
milk wheat milk wheat milk wheat
pa 7.13 ± 
0.09
3.68 ± 
0.07xx
0 0 129.21 ± 
16.30
149.56 ± 
37.93
ip 19.49 ± 
0.09
10.25 ± 
0.46xx
10.10 ± 
0.00
8.17 ± 
0.57*
116.13 ± 
16.62
121.83 ± 
16.27
hP 80.05 ± 
4.59
42.39 ± 
3.62xx
59.58 ± 
3.78
48.14 ± 
4.50++
149.29 ± 
22.54
152.45 ± 
16.66
Table 4. Comparison of the nitrogen and leucine intakes and flux values for the 
postabsorptive (pa), low protein (lp) and high protein (hp) phases of the triple infusion 
milk and wheat studies. Values are mean ± SD. 
xx p<0.0001, * p<0.005, ++ p<0.01; paired t-test, milk vs. wheat
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3.3. Leucine Oxidation, Turnover and Balance.
In the postabsorptive phase (Figure 9a) oxidation was significantly lower 
(p<0.05) in the wheat study. This was mainly due to the lower tracer infusion rate. 
Synthesis and proteolysis were higher in the wheat study but these differences were 
not significant.
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Figure 9a. Leucine kinetics for the postabsorptive phase of both the triple infusion 
milk and wheat studies. Values are mean ± SD.
+ p<0.05; paired t-test milk vs. wheat.
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In the low protein phase (Figure 9b) there were no significant differences in 
the magnitude of any of the parameters.
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Figure 9b. Leucine kinetics for the low protein phase of both the triple infusion milk 
and wheat studies. Values are mean ± SD.
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In the high protein phase (Figure 9c) oxidation was again lower in the wheat 
study (p<0.05) while proteolysis was much higher in the wheat compared to the milk 
study (p<0.05). The subjects were in a less positive balance (p<0.005) in the wheat 
than the milk study.
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Figure 9c. Leucine kinetics for the high protein phase of both the triple infusion milk 
and wheat studies. Values are mean ± SD.
* p<0.005, + p<0.05; paired t-test milk vs. wheat.
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The reason for the differences in the amplitude of proteolysis in the high 
protein phase are shown in Figure 10 which shows the response to feeding high 
protein. With wheat protein feeding the inhibition of proteolysis was almost absent 
compared to that achieved with milk protein (p<0.05) hence the increase in balance 
was not as great (p<0.005).
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Figure 10. The leucine kinetic responses to feeding high protein: the high protein 
values minus the low protein values. Values are mean ± SD.
* p<0.005, + p<0.05; paired t-test, milk vs. wheat.
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3.4. Postprandial Protein Utilisation.
The balance-intake curves for the 2 proteins are shown in Figure 11. The 
curves are separated due to the different leucine intakes however there is no difference 
between the gradients of the curves giving postprandial protein utilisation values for 
milk of 0.863 ± 0.078 (cv 9%) and for wheat of 0.834 ±  0.067 (cv 8.0%, Figure 11a). 
However, correction for utilisable intake resulted in a less efficient utilisation for 
wheat protein compared to that of milk protein (0.671 ± 0.054 and 1.056 ±  0.095 
respectively, Figure 11a).
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Figure 11a. The digestible leucine intake-balance curves for both the milk and wheat 
protein studies. Values are mean ± SD. The gradients of the curves are 0.863 for milk 
protein and 0.834 for wheat protein.
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Figure l ib .  The utilisable leucine intake-balance curves for both the milk and wheat 
protein studies. Values are mean ± SD. The gradients of the curves are 1.056 for milk 
protein and 0.671 for wheat protein.
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4. DISCUSSION,
4.1. Protein Turnover.
In these studies, as with the milk protein studies, we have assumed that there 
was a metabolic steady state during the final hour of each period. The wheat was 
given in the form of stone ground wholemeal bread which is of high digestibility 
(93%) compared with coarse grain wheat products. The small portion, 30 minute 
feeding regime would have ensured optimal rates of gastric emptying.
The objective of these studies was to evaluate the effect of dietary amino acid 
composition, especially the low lysine content of wheat, on the extent and mechanism 
of protein utilisation.
The kinetic responses to feeding energy found in this study support the 
conclusions drawn from the triple infusion milk study, concerning the role of insulin. 
Hence dietary energy, via insulin, acted to lower proteolysis and synthesis. However, 
comparison of the responses to feeding the two different protein sources reveals a 
major difference. The feeding of wheat protein did not result in an inhibition of 
degradation. As there was no significant difference in the plasma insulin 
concentrations during protein feeding between the two studies, it can only be 
concluded that the differences in the amino acid compositions of the meals must be 
responsible. The same subjects were expected to receive the same protein intake in 
both studies. However the nitrogen content of the wheat diet was found to be lower 
than expected, resulting in a small difference in nitrogen intake. The leucine content 
of the two diets was very different due to the different leucine contents of the two 
protein sources: cows milk contains 640 mg leucine/g nitrogen while wholemeal flour 
contains only 420 mg leucine/g nitrogen.
4.2. Regulation of Protein Degradation.
A number of studies have investigated the role of leucine in the inhibition of 
protein degradation. The rate of degradation of intracellular protein varies widely 
according to tissue type, with rates in the liver considerably higher than in skeletal 
muscle. The mechanism and regulation of protein degradation has been studied most 
extensively in the liver, in particular the importance of the lysosomal system in the 
process of autophagy. Early studies showed that intracellular protein breakdown could 
be suppressed by amino acids (Woodside and Mortimore, 1972). Subsequently it was 
shown that macroautophagy, the process most likely responsible for the degradation
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of cellular protein, was closely regulated in the perfused liver by amino acids at 
physiological concentrations (Schworer et al., 1981).
How plasma amino acids inhibit hepatic macroautophagy is unknown. 
However studies reveal that the inhibition is mediated by the concerted effects of 7-8 
regulatory amino acids (leucine, tyrosine, glutamine, proline, methionine, histidine 
and tryptophan) (Woodside and Mortimore, 1972; Poso et al., 1982). This regulation 
in liver is in contrast to that in cardiac and skeletal muscle where just leucine is 
required (Tischler et al., 1982). These regulatory amino acids, as a group and 
individually, exhibit inhibitory effects on hepatic proteolysis at both low (0.5 x) and 
high (4 x) concentrations. At normal plasma concentrations (lx), however, they 
exhibit a zonal loss of effectiveness (Poso et al., 1982). This zonal loss of inhibition 
has been traced to lack of alanine, since removal of alanine from a complex plasma 
mixture evoked the same zonal loss of inhibition. Addition of alanine, at normal 
plasma concentration, to the regulatory amino acids resulted in removal of the zonal 
inhibition (Poso and Mortimore, 1984). Insulin also blocks the zonal loss of 
regulatory amino acid effectiveness (Mortimore et al, 1987).
Of all the regulatory amino acids, leucine is the dominant one. Although 
individually it does not suppress autophagy maximally it is required in all mixtures 
for complete effectiveness. It is unlikely that, in the liver, leucine acts via a metabolite 
since its transamination is very low (Poso et al., 1982). Inhibition of macroautophagy 
and proteolysis has also been achieved using a non-transportable leucine analogue 
(Miotto et al., 1994) suggesting that leucine is recognised at a plasma membrane site 
or an associated vesicle. With the use of photoaffinity labeling of the leucine analogue 
Miotto et al. (1994) have demonstrated specific, low affinity binding of leucine by 
proteins of the plasma membrane. At present the function of this site is unknown but 
is the focus of further research.
Hence it is possible that the lower concentration of leucine in the wheat 
protein diet resulted in a less effective inhibition of degradation than that seen with 
the higher leucine content milk protein diet.
The importance of this is that it raises the possibility that the amino acid 
composition of a protein may influence its utilisation not simply through an effect of 
substrate limitation for amino acid deposition, but rather through a regulatory effect 
on proteolysis.
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4.3. Postprandial Protein Utilisation.
On the basis of the first calculation of postprandial protein utilisation, relating 
leucine intake to leucine balance in a simple way, there was no difference between 
milk and wheat protein utilisation. Whilst this was surprising, as discussed below, it 
can be explained. However the calculation of postprandial protein utilisation should 
relate balance to an intake which is comparable to tissue protein. When this is done 
then it is clear that the wheat protein was utilised less efficiently (0.671) compared 
with milk protein (1.056). Since these are the first measurements of this type there are 
no other values with which our studies can be compared. However on the basis of the 
classical view of dietary protein quality, a markedly reduced efficiency of utilisation 
is what would have been expected.
4.4. Lvsine Recycling.
As mentioned above it is possible to devise an explanation for an equally 
efficient utilisation of both milk and wheat protein despite the supposedly limiting 
lysine content of wheat protein. It is likely that the protein lost in the postabsorptive 
state which is repleted during feeding will have a high lysine concentration given the 
high lysine composition of body protein (Table 5). Thus the low concentration of 
lysine in the wheat protein diet would be expected to reduce efficiency of utilisation. 
Indeed assuming that lysine is the limiting amino acid then on the basis of the relative 
content in the food and tissue proteins the maximum efficiency of deposition should 
be only 28.4% for wheat compared with 93% for milk. One explanation for this 
efficient utilisation of wheat protein is that there is recycling of lysine from the free 
lysine pool i.e. the recycling of lysine released during the postabsorptive phase into 
deposition during feeding which will supplement, to some extent, dietary intakes. The 
reason for this most likely relates to the characteristics of lysine oxidation.
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AMINO ACID mg /  g protein
skimmed milk wholemeal bread tissue protein
leucine 103 68 79
lysine 82 25 88
threonine 48 28 45
Table 5. Comparison of the amino acid composition of the two protein sources with 
tissue protein. Tissue protein was calculated as the mean of beef (i.e. muscle) and 
liver. Based on data from McCance and Widdowson (1980).
As discussed by Millward and Rivers (1988) the branched chain, aromatic and 
sulphur amino acids all have tightly regulated oxidative pathways which have a low 
Km for the rate limiting step (e.g. sub mM levels for the branched chain oxo-acid 
dehydrogenase) and hence exist in small tissue pools (Waterlow and Fern, 1981). 
However this is not the case for all the IAA. Lysine and threonine have less tightly 
regulated oxidative pathways with Km's for the limiting steps of 18 and 52 mM 
respectively. Most importantly, lysine and threonine have larger pool sizes. From this 
information we would expect that when there is an increased supply of amino acids, 
either from feeding or from net proteolysis in the postabsorptive state, the branched 
chain, aromatic and sulphur amino acids will be more rapidly removed by oxidation 
than lysine and threonine.
Confirmation that this occurs comes from the data obtained by Bergstrom et 
al. (1990) which shows the change in human muscle amino acids following a 50g 
albumin meal. Although the intakes of leucine and lysine were almost identical, and 
we can assume that their removal into protein will occur at a similar rate due to their 
similar concentrations in tissue protein, the increase in the muscle concentration of 
lysine three hours after the meal was twice that of leucine. By seven hours after the 
meal, although the leucine concentration had fallen below the baseline level, the 
lysine concentration remained elevated. This shows that excess lysine is not oxidised 
as rapidly as excess leucine.
Bergstrom et al. (1990) also reported the changes in muscle free lysine after a 
protein free meal. In this case we would expect an insulin-mediated inhibition of 
proteolysis which would promote net protein deposition to an extent that was possible 
from the free amino acid pools. In fact, as seen in Table 6, the fall in lysine 
concentration three hours after the protein free meal was sufficient to allow 
approximately 80% of the protein deposition seen in the postprandial phase in
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response to 0.77g protein/Kg/d, according to the data of Price et al. (1994).
Fall in muscle 
lysine in 3 hrs (|i 
mol/l intracellular 
water)
Equivalent per Kg 
body weight
Deposition in 12hrs 
postprandial
Percentage 
potentially provided 
by the free pool
241 pmol/1 
(35.19 mg/1)
17.60 mg lysine/Kg 40.2 mgN/Kg 
22.11 mg lysine/Kg
79.6%
Table 6. Potential for protein accretion on the basis of the fall in muscle lysine 3 
hours after a protein free meal (Bergstrom et al., 1990) and the nitrogen deposition in 
the postprandial period following an intake of 0.77 g protein/Kg (Price et al., 1994). It 
was assumed that intracellular water = 500ml/Kg body weight.
The extent to which these changes in free amino acids occurred in our study is 
not known. The plasma concentrations of leucine and lysine provide some 
information and we can see that feeding wheat protein resulted in an increase in the 
plasma leucine concentration but that the plasma lysine concentration remained 
unchanged. However the plasma-intracellular concentration gradient of lysine is 
higher than that of leucine. From the data of Bergstrom et al. (1990) the plasma- 
intracellular gradient for lysine was 4.13:1 while for leucine it was 1.37:1. Hence the 
change in intracellular lysine may be more extensive than indicated by the change in 
plasma lysine while plasma leucine is likely to be a good indicator of intracellular 
changes due to the smaller gradient.
4.5. Protein Digestibility-Corrected Amino Acid Scoring Pattern.
In theory according to current FAO/WHO guidelines (FAO/WHO, 1991), the 
efficiency of the wheat protein utilised can be calculated by the protein digestibility- 
corrected amino acid scoring pattern (PDCAAS). The amino acid contents are 
compared with the reference pattern (the requirement pattern for pre-school children) 
and the ratio of the limiting amino acid is calculated. This is then adjusted for 
digestibility. When this is done, as shown in Table 7, then the score for wheat is 0.43 
and the PDCAAS value is 0.4. Clearly the value in the current study is higher than 
this. Whilst the present studies do not show whether the observed value for wheat 
would be maintained throughout a full daily feeding cycle they do show that for at
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least part of the postprandial period wheat protein is utilised more efficiently than 
would be predicted from its amino acid composition alone.
reference pattern milk wheat
mg /  g protein
lysine 58 82 25
leucine 66 103 68
threonine 34 48 28
tryptophan 11 12 11
score 1.00 0.43
digestibility 0.95 0.93
PDCAAS 0.95 0.40
Table 7. Calculation of the protein digestibility-corrected amino acid score 
(PDCAAS).
122
CHAPTER FIVE.
MEAL SIZE AND PROTEIN UTILISATION.
1. STUDY DESIGN.
1.1. Subjects.
5 subjects, 4 male and 1 female, were studied using this protocol. All subjects 
were in good health. The study was approved by the ethical committee of the London 
School of Hygiene and Tropical Medicine and all subjects gave informed consent 
after the protocol had been fully explained to them.
1.2. Experimental Design.
The protocol was designed to allow quantitation of the efficiency of 
postprandial protein utilisation during the more physiological non-steady state 
conditions following feeding a single large meal.
Leucine balance was measured during a primed dose L - ( l-^ C )  leucine 
intravenous infusion for 3 hours before and 6 hours after a single meal. The meal was 
designed to give 50% of the subjects daily intake with a relatively high protein : 
energy value. It provided 0.5 g protein/Kg with an energy content of 6.76 Kcal/Kg i.e. 
a protein : energy ratio of 30%.
1.3. Protocol.
A schematic representation of the protocol is shown in Figure 1.
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The subjects arrived at the metabolic ward after a 12 hour overnight fast. 
Initially cannulae were inserted into superficial arm veins. After the collection of 
baseline samples, the priming doses and constant infusion were administered via one 
of the cannulae. The priming dose consisted of L -[1-^C ] leucine (1 mg/Kg) and 
N a H ^ C 0 3  (0.2 mg/Kg). The constant infusion consisted of L -[1 -^C ] leucine (1 
mg/Kg/h for the milk protein studies) and was administered by an IMED infusion 
pump for the 9 hour study period.
During the infusion the subject remained lying on a bed in the metabolic ward.
1.4. Sample Collection.
1.4.1. Blood.
A cannula for blood sampling was inserted into a superficial vein on the 
opposite arm to that receiving the infusion. Blood samples were taken prior to the 
administration of tracer to determine basal enrichment. Blood samples were then 
taken every 15 minutes for the 3r^ hour, as it was predicted that isotopic plateau 
would have been reached by this time. Following ingestion of the test meal at 3 hours, 
blood was sampled every 10 minutes for 2 hours, then every 20 minutes for the 
remaining 4 hours.
Approximately 4 ml of blood was taken at each time point and placed in 
lithium heparin tubes which were centrifuged immediately at 4°C. The plasma was 
separated and aliquoted equally into 2 tubes which were stored at -20°C.
1.4.2. Breath.
Breath samples were collected for the analysis of expired ^ C 0 2 -  Baseline 
samples were taken prior to starting the infusion then every 15 minutes for the 3r^ 
hour. Following ingestion of the meal at 3 hours, breath samples were taken every 10 
minutes for 2 hours and then every 20 minutes for the remaining 4 hours.
Expired breath samples were collected in a urine collection bag with a one­
way valve and tap. The subject blew into the bag and this air was expired. After 
repeating this once more, the air from the 3r<^  exhalation was retained. The collected 
breath samples were transferred, by the use of a 20 ml syringe, to an evacuated 20 ml 
Vacutainer.
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1.4.3. Urine.
Prior to the start of the infusion the subjects were asked to empty their bladder. 
Urine was collected for 3, 3 hour periods (0-3, 3-6 and 6-9 hours) into pre-weighed 
containers with glacial acetic acid as preservative. At the end of each period the 
subject was again asked to empty their bladder. The urine was weighed and aliquots 
taken and stored at -20°C prior to analysis.
1.4.4. Calorimetry.
CC>2 production rates were measured for one hour during the postabsorptive 
period and continuously during the 6 hours following the meal. Rates were measured 
using an in-house indirect calorimeter and ventilated tent system.
1.5. Meals.
The meal contained 0.5g protein/Kg with an energy content of 6.76 Kcal/Kg. 
The fat content of the meal was kept as low as possible to speed absorption. To 
monitor absorption 2 soluble Panadol, containing 1 g paracetamol (Sterling Health, 
Guildford), were added to the meal. Water was freely available throughout the study.
Samples of the meals were taken and stored frozen prior to analysis of 
nitrogen content.
1.5.1. Milk Protein Meal.
The milk protein meal consisted of fresh skimmed milk with dissolved potato 
dextrose. The meal was consumed within 5-10 minutes.
1.5.2. Wheat Protein Meal.
The wheat protein meal consisted of wheat gluten (gift from Tunnel 
Refineries, Greenwich), plain flour (Tesco Supermarket) and potato dextrose (Avebe, 
Veendam, Holland).
Wheat gluten was used to provide the high protein content in a small volume. 
Unfortunately we were unable to make this into a drink to aid absorption as this 
proved to be unpalatable to the majority of subjects.
Hence an equal weight of gluten and plain flour were made into a dough with 
water. The dough was kneaded, rolled out and dry fried in a non-stick frying pan. 
These were served hot accompanied by a drink containing dissolved potato starch and 
Panadol (as an absorption marker) with a small amount of sugar-free orange squash. 
The meal was consumed within 10-15 minutes.
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2. RESULTS.
2.1. Subject Characteristics.
Table 1 shows the characteristics for the 5 subjects studied using both protein 
sources. Body weight did not change between the two studies.
SUBJECT SEX AGE (years) WEIGHT
(Kg)
FFM
(Kg)
BMI
(Kg/m2)
DJM M 52 74 53.9 25.6
NG M 25 74 57.3 22.6
PP M 41 55 47.4 19.0
RF M 24 72 65.3 23.5
AF F 24 57.5 44.5 22.5
Table 1. Subject characteristics for the 5 subjects using the single meal protocol.
2.2 Nitrogen and Leucine Intake.
The nitrogen content of each meal was measured and from this the leucine 
content of the meal was calculated (Table 2). The nitrogen content of the two meals 
was expected to be the same however on analysis the gluten was found to be less pure 
than expected. The different leucine contents of the meals was due to the lower 
leucine content of wheat compared to milk (420 and 640 mg leucine/g nitrogen 
respectively).
PROTEIN SOURCE INTAKE
NITROGEN (mg/Kg) LEUCINE (pM/Kg)
MILK 86.21 ± 4.44 420.55 ±21.66
WHEAT 73.23 ± 8.96 + 234.43 ± 28.70 *
Table 2. Nitrogen and leucine contents of the meals. The nitrogen content was 
measured using isotope-ratio mass spectrometry and the leucine content calculated 
from published data (McCance and Widdowson, 1980).
Values are mean ± SD.
+ p<0.05, x p<0.0005; paired t-test milk vs wheat.
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2.3. Hormonal and Biochemical Responses.
As illustrated in Figure 2, plasma insulin rose immediately following feeding 
both protein sources. Following the milk protein meal the insulin response was more 
pronounced but of a shorter duration than following the wheat protein meal. After the 
wheat meal insulin returned to baseline at 420 minutes (380-460) whereas with the 
milk protein meal baseline was reached earlier in all but one case. However the area 
under the curves (AUC) were not different (49936 ± 19200 pmol/1 per min milk; 
64600 ± 32000 wheat).
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Figure 2. Plasma insulin values for both the milk protein and wheat protein single 
meal studies. Values are mean ± SD.
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The plasma glucose peak (Figure 3) was greater following the wheat protein 
meal than the milk protein meal but the time course was broadly similar. Following 
both meals plasma glucose had returned to baseline by 360 minutes.
1
4 -
180 360 5400
Time (minutes)
—s — milk — wheat
Figure 3. Comparison of the plasma glucose values following both the milk protein 
and wheat protein meals. Values are mean ±SD.
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Paracetamol was added to the meals of all subjects except for two of the milk 
protein meals. Its appearance in plasma can be seen in Figure 4a. There was a linear 
increase in paracetamol in the plasma for 2 hours following the milk protein meal 
unlike the wheat protein meal where the appearance was rapid, peaking in less than 1 
hour. The maximum concentration was the same following both meals.
0.15
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0.09
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0 120 240 360
Time after meal (minutes)
—s — milk — wheat
Figure 4a. Appearance of paracetamol in the plasma following both the milk protein 
and wheat protein meals. Values are mean ± SD for 3 subjects for the milk protein 
study and for all 5 subjects for the wheat protein study.
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In one milk protein study D3 leucine was also added to the meal and its 
appearance in plasma monitored. From Figure 4b it is clear that the appearance of D3 
in plasma was very similar to the appearance of paracetamol, indicating that the 
absorption of paracetamol is a good indicator of amino acid absorption, at least for the 
free amino acids in food.
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Figure 4b. Comparison of the appearance in plasma of D3 leucine and paracetamol for 
subject PP following the milk protein meal.
The insulin, glucose and paracetamol results suggest that meal absorption was 
complete by 3 hours following both protein sources. However in the wheat protein 
study some of the carbohydrate and all of the paracetamol was in the from of a drink 
while the protein and the remainder of the carbohydrate were in a 'bread'. Hence, in
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this study, insulin, glucose and paracetamol are not good indicators of amino acid 
absorption. This partition of carbohydrate between the drink and 'bread' may explain 
the more prolonged insulin response.
The responses of leucine and KIC plasma concentrations can be seen in Figure 
5. Following the milk protein meal (Figure 5a) plasma leucine concentration increased 
immediately. It then fell slightly but plateaued at an elevated concentration compared 
with the baseline. KIC concentration peaked immediately, fell below baseline 
concentrations and then returned to a level just above fasting values. The leucine 
concentration peak occurred much later following the wheat protein meal indicating 
the delayed absorption of the meal (Figure 5b). However it had just returned to 
baseline at 540 minutes. KIC concentrations fell slightly but had returned to baseline 
by the end of the study.
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Figure 5a. Comparison of the response of plasma leucine concentration to feeding 
milk and wheat protein. Values are mean ± SD.
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Figure 5b. Comparison of the response of plasma KIC concentration to feeding milk 
and wheat protein. Values are mean ± SD.
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2.4. Calorimetric Responses.
The responses to the milk meal in terms of the indirect calorimetry is shown in 
Figure 6a. The metabolic rate, shown as the mean value of the rates expressed as a % 
of the pre-meal value, and the RQ is, shown during the 60 minutes prior and 360 
minutes after the meal. There was a prompt increase after the meal in the metabolic 
rate with all subjects showing at elevated rate at 20 minutes post-meal, the peak rate 
(122% baseline) occurring at 70 minutes after the meal. After this the rate drifted 
down, was 8% elevated at 3 hrs post-meal returning to baseline after this time in 3 out 
of 5 subjects. The RQ increased with in the first 30 minutes post-meal achieving a 
maximum value at 120 mins post-meal and drifting down after that to pre-meal values 
by 300 minutes post-meal. All subjects exhibited a return to baseline RQ within the 
study period. These data suggest that the metabolic response to the milk meal was 
largely over within the 6 hr post-meal period.
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Figure 6a. Calorimetric responses following the milk protein meal. The change in 
metabolic rate (expressed as a % of the pre-meal level) and the RQ are shown.
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The responses to the wheat meal in terms of the indirect calorimetry is shown 
in Figure 6b. The wheat meal took longer to consume than the milk meal since the 
"bread" required chewing. Because of this the calorimetry was interrupted and not 
restarted until 20 minutes after the meal. At this time the metabolic rate was elevated 
by about 30% above the pre-meal level, most likely because of the effort of eating, 
and drifted down for about 100 minutes after which time it began to increase. The 
peak value was reached at 160 minutes post-meal and began to fall after 220 minutes 
post-meal. However the rate remained elevated in all subjects at the end of the study. 
The RQ had, somewhat surprisingly, fallen at the resumption of measurements post­
meal, but rose reaching a peak value at 80 minutes post-meal, stayed at this elevated 
level until 240 minutes post-meal and then fell markedly to below pre-meal levels. 
These data suggest that the metabolic response to the wheat meal was slower to 
develop and persisted longer than the milk meal.
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Figure 6b. Calorimetric responses following the wheat protein meal. The change in 
metabolic rate (expressed as a % of the pre-meal level) and the RQ are shown.
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2.5. Leucine Oxidation, Plasma Urea and Nitrogen Excretion.
The responses of leucine and KIC enrichments differed markedly between the 
meals. The data is shown as comparisons of the two meals for leucine MPE (Figure 
7a) and KIC MPE (Figure 7b), as well as the concentrations and MPE values for 
leucine and KIC for milk (Figure 8a) and wheat (Figure 8b). Thus following the milk 
meal leucine enrichment fell and subsequently slowly returned towards the pre-meal 
value although after 540 minutes it remained slightly lower, while after the wheat 
meal the leucine MPE increased reaching a peak after about 1 hour after which time it 
fell to a minimum at about 3 hrs increasing after that to a slightly elevated enrichment 
for leucine at the end of the study. Although the changes were not so marked the 
pattern of response of the KIC MPE values was similar.
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Figure 7a. Comparison of the leucine enrichment following feeding both milk and 
wheat protein. The wheat protein values were multiplied by 2 for comparison due to 
the infusate being twice as enriched for the milk protein study. Values are mean ± SD.
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Figure 7b. Comparison of the KIC enrichment following feeding both milk and wheat 
protein. The wheat protein values were multiplied by 2 for comparison due to the 
infusate being twice as enriched for the milk protein study. Values are mean ± SD.
These different patterns of leucine and KIC enrichment do to some extent 
reflect the different patterns of plasma leucine concentrations after the two meals. 
Thus after the milk meal, as shown in Figure 8a, the enrichment bears an inverse 
relationship to the leucine and KIC concentration. The same inverse relationship 
between enrichment and concentration is also shown in Figure 8b for leucine after the 
wheat meal although in this case the KIC concentration showed little change
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Figures 8a and 8b. Comparison of the leucine and KIC enrichments and 
concentrations following feeding milk and wheat protein.
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CO2  enrichment increased following the meals (Figure 9a), markedly for milk 
reaching a maximum at about 2 hrs after the meal (300 minutes) and falling off after 
that, and more slowly for wheat reaching a maximum at about 4 hrs after the meal 
(300 minutes). In each case it remained elevated for the duration of the studies. The 
CO2  production rate (Figure 9b) also increased following the meals reaching an 
earlier peak after the milk and returning to baseline, but again reaching a peak much 
later after the wheat and remaining elevated for the 6 hrs post meal.
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Figure 9a. The response of CO2  enrichment to feeding milk and wheat protein. The 
wheat protein CO2  enrichment data was multiplied by 2 for comparison due to the 
infusate being twice as enriched for the milk protein study. Values are mean ± SD.
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Figure 9b. The response of CO2  production rate to feeding milk and wheat protein. 
Values are mean ± SD.
The response of leucine oxidation to the two meals is shown in Figure 10a 
while the response of oxidation, insulin, plasma leucine and KIC concentrations 
shown for comparison, is documented in Figure 10b for the milk meal, and Figure 10c 
for the wheat meal. Leucine oxidation peaked much earlier after the milk compared 
with the wheat meal (Figure 10a). After the milk meal leucine oxidation increased in a 
way which reflected plasma leucine concentrations more closely than KIC or insulin 
levels (Figure 10b). Thus the peak rate coincided with the peak leucine concentration. 
However the oxidation rate remained at the maximal level for about 160 minutes 
during which time leucine concentration slowly fell from 260 to 170 (imolar. 
Furthermore the marked fall in leucine oxidation after 400 minutes back to a level 
which was only modestly elevated compared with the fasting level occurred with little 
change in plasma leucine and with a small increase in KIC. Thus it is clear that 
leucine oxidation rate does not bear a simple relationship to plasma leucine concentra-
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tions. Since the fall in leucine oxidation after 400 minutes coincided with the return of 
insulin to baseline and with the increase in concentration of KIC it is tempting to 
suggest that leucine oxidation is activated by elevated insulin levels as well as 
elevated leucine levels. Since KIC is the actual substrate for the branched chain keto 
acid dehydrogenase, (BKAD), and assuming that plasma KIC reflects intracellular 
KIC concentrations, the fall in KIC concentrations between 250 and 400 minutes 
whilst oxidation rates were maintained at the maximal level suggests that leucine 
oxidation is not simply substrate driven.
After the wheat meal the time course of changes in leucine oxidation like that 
of KIC, insulin and leucine concentrations was different compared with the milk meal 
(Figure 10c). As might be expected from the slow increase in plasma leucine, the 
increase in oxidation following the wheat meal was also delayed. The slower increase 
in leucine concentration and oxidation with a similar rapid rise in insulin levels meant 
that although insulin levels were maintained at maximal levels for longer after wheat 
compared with milk, leucine oxidation did not reach its peak value until 60 minutes 
after insulin levels had started to fall. However in contrast to milk, leucine oxidation 
after the wheat meal followed leucine concentration much more closely. The fact that 
insulin rose to a peak which was maintained for more than 60 minutes before 
substantial increases in leucine oxidation occurred suggests that in the absence of 
increases in leucine concentration, leucine oxidation cannot be markedly stimulated 
by insulin.
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Figure 10a. Comparison of the response of leucine oxidation to feeding milk and 
wheat protein. Values are mean ± SD.
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Figures 10b and 10c. Comparison of the response of leucine oxidation following the 
milk and wheat protein meals with the plasma KIC and leucine concentrations and 
insulin responses.
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Urinary nitrogen excretion was measured for three 3 hour periods: the 
postabsorptive phase, the first and second 3 hour phases after the meal (Figure 11a). 
Nitrogen excretion was similar for the postabsorptive phase and the first 3 hours and 
increased during the second 3 hours after the meal, especially after the wheat protein 
meal.
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Figure 11a. Urinary nitrogen excretion for three 3 hour periods for both the milk 
protein and wheat protein studies. Values are mean ± SD.
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Plasma urea was also measured (Figure lib )  to allow correction of the urinary 
nitrogen excretion for changes in the size of the body urea-nitrogen pool. During the 
fasting phase the plasma urea fell. After the milk meal there was little change but after 
the wheat protein meal the concentration did drift up after the 3 hours, remaining 
elevated after this time.
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Figure l ib .  Plasma urea concentrations for the milk and wheat protein meals. Values 
are mean ±  SD.
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2.6. Postprandial Protein Utilisation.
Postprandial protein utilisation was calculated from the cumulative oxidation 
expressed as a percentage of the leucine meal sizes for both protein sources (Figure 
12). The shape of the curves differed some what as would be expected from the faster 
increase in oxidation following the milk protein meal. When digestible leucine intake 
were used the values for postprandial protein utilisation at 6 hours post meal were 
very similar at 23.5% ± 1.36 oxidised for milk (i.e. a PPU of 0.765 ± 0.014, cv 1.8%) 
and 29.05% ± 6.06 oxidised for wheat (i.e. a PPU of 0.711 ± 0.064, cv 9.0%). 
However when corrected for utilisable protein intake these values indicate that wheat 
protein was less efficiently utilised than milk protein (PPU of 0.599 ± 0.061 for wheat 
compared with 0.936 ± 0.017 for milk; p<0.0005).
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Figure 12. Comparison of the % of the meal leucine oxidised with time following the 
milk and wheat protein meals. Values are shown for each time point and are mean ± 
SD.
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Postprandial protein utilisation was also calculated using nitrogen balance for 
the two 3 hour phases following the meal. Comparisons of the results obtained using 
leucine and nitrogen kinetics are shown in Figure 13. For the milk protein meal it was 
assumed that absorption was complete within the first 3 hours. Values obtained using 
nitrogen kinetics were higher than those obtained using leucine kinetics (Figure 13a) 
but this difference was only significant for the first phase. For the wheat protein meal 
assumptions had to be made concerning the proportion of intake in each phase. These 
were done on an individual basis, using the change in leucine concentration as a guide 
for meal absorption. From the very large standard deviation obtained for the second 
phase (Figure 13b) it would appear that these were not accurate in some cases.
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Figure 13a. Comparison of postprandial protein utilisation obtained using leucine and 
nitrogen kinetics for two 3 hour phases following the milk protein meal. Values are 
mean ± SD.
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Figure 13b. Comparison of postprandial protein utilisation obtained using leucine and 
nitrogen kinetics for two 3 hour phases following the wheat protein meal. Values are 
mean ± SD.
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2.7. Protein Turnover.
The non-steady state calculations allow for calculation of Ra, the appearance 
rate of leucine (i.e. intake and proteolysis) and Rd the disappearance rate (i.e. protein 
synthesis and oxidation), with Ra-Rd a measure of the change in the free leucine pool 
and an indication of the magnitude of the non-steady state. In fact calculation of these 
parameters are difficult because of uncertainty as to the size of the free leucine pool. 
It has been assumed that the plasma leucine concentration bears a fixed relationship to 
the intracellular concentration (ic) with ic = 1.8 * plasma concentration. It must also 
be assumed that the KIC enrichment reflects the intracellular leucine enrichment at all 
times. The calculated values for Ra and Rd for both meals are shown in Figure 14.
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Figure 14a. Calculated values for the appearance rate (Ra) and disappearance rate 
(Rd) of leucine following the milk protein meal.
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Figure 14b. Calculated values for the appearance rate (Ra) and disappearance rate 
(Rd) of leucine following the wheat protein meal.
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On this basis it is possible to calculate protein synthesis and oxidation with 
some certainty but it is much more difficult in the case of protein degradation. This is 
because of the uncertainty about the rate of meal leucine absorption. This can only be 
guessed at so that any calculation of degradation has to be very crude. Nevertheless 
this has been done with intake rates used in the calculations shown in Figures 15a 
(milk) and 15b (wheat). The values were arbitrarily estimated from the pattern of 
changes in plasma leucine concentration after each meal and also using the 
appearance of paracetamol in plasma following the milk protein meal.
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Figure 15a. The assumed pattern of intake for the milk protein meal, estimated from 
the change in plasma leucine and paracetamol concentration, used for the calculation 
of proteolysis.
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Figure 15b. The assumed pattern of intake for the wheat protein meal, estimated from 
the change in plasma leucine concentration, used for the calculation of proteolysis.
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On the basis of the measured oxidation rates, the non steady state-calculated 
values for Ra and Rd and these values for intakes, rates of protein synthesis and 
degradation are shown in Figures 16a and 16b. For milk it would appear that after the 
meal the mechanisms of protein deposition was primarily through the inhibition of 
protein degradation, rather than an increase in protein synthesis. Protein synthesis 
fluctuated after the meal but was not consistently elevated. In contrast, on the basis of 
the intake values assumed in Figure 15a, proteolysis was completely inhibited with 
negative values maintained for 2 hours after the meal. Clearly the negative rates of 
protein degradation show how in the absence of actual rates of intake, assumed values 
can result in marked error if they are incorrect. If the intake rates were calculated 
differently with more intake at later times then the negative values could be made to 
disappear. However a reduction in proteolysis would still be observed.
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Figure 16a. Non-steady state calculations of protein synthesis and proteolysis 
following the milk protein meal. Values are mean ± SD.
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For the wheat protein meal with the intake delayed as judged by the metabolic 
data and with peak rates assumed to occur between 380 and 440 minutes, it appeared 
that the mechanism of protein accretion involved a combination of a reduction in 
proteolysis and an increase in protein synthesis. Thus although protein synthesis 
fluctuated during the 2 hours after the meal it was elevated continuously between 340 
and 400 minutes (i.e. the period corresponding to the peak of leucine oxidation and 
plasma leucine concentration). At this time proteolysis inhibited but by a relatively 
'sensible' amount compared with the negative values observed after the milk meal.
By and large it would appear that for milk, inhibition of degradation is the 
major response whereas for wheat changes in both protein synthesis and degradation 
were involved.
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Figure 16b. Non-steady state calculations of protein synthesis and proteolysis 
following the wheat protein meal. Values are mean ± SD.
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3, DISCUSSION,
3.1. The Quantitative Estimation of Postprandial Protein Utilisation During the Non- 
Steadv State After Single Meals.
The constant infusion procedure, as was used in the triple infusion protocol, 
was developed to allow the measurement of amino acid turnover under steady state 
conditions. In this context, the steady state requirement relates to both a metabolic and 
isotopic tracer steady state for the process under investigation, i.e. the turnover of the 
free amino acid pool. Under these conditions flux calculations may be made with rates 
of appearance and disappearance of the metabolite (i.e. leucine) having the same 
magnitude.
However if the size of the free amino acid pool is changing, such as occurs 
during absorption of the single meal, the calculations of the flux from the isotopic 
enrichment will require modification and non-steady state equations utilised. In 
essence the non-steady state calculations take account of the influence of changes in 
the pool size on the tracer dilution in addition to any influence of changes in the 
appearance rate. Thus for these calculations to be satisfactory, knowledge is required 
of the leucine pool sizes, both intracellular and extracellular pools, and the enrichment 
of these pools via the measurement of KIC, and how they change with time. Hence 
calculation of values for flux and its components, synthesis and degradation, are 
difficult.
Fortunately there is no reason why calculation of the oxidation rate should be 
affected by the non-steady state produced by the single meal. Leucine oxidation is 
calculated from the enrichment of its precursor (KIC) and the enrichment and 
production rate of ^ C 0 2 - No kinetic assumptions or calculations are made. Hence if 
measurements are made at sufficiently frequent time intervals then changes in the 
concentration of either KIC or leucine should not influence oxidation. Thus in our 
single meal studies the calculation of postprandial protein utilisation is not 
compromised by the non-steady state.
The only assumption required when calculating oxidation concerns the factor 
used to correct for bicarbonate recovery. Bicarbonate recovery is higher in the fed 
than the fasted state and increases gradually with feeding. The time course of this 
increased bicarbonate recovery was taken as the increase in CO2  production rate as it 
has previously been shown that the two are related (Wenham et al., 1991). It was also 
assumed that this increased bicarbonate recovery was maintained throughout the 
remainder of the study as the CO2  production rate remained elevated for the majority
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of the study and also because bicarbonate recovery increases with time.
As discussed by Mill ward and Pacy (1995), leucine oxidation in both the 
postabsorptive and postprandial state can be conceived as including components 
which reflect the chronic metabolic response to the dietary protein level (Lrl) as well 
as obligatory oxidation, (Lo), so that the magnitude of Lr2, the meal-related 
component of oxidation which determines the true magnitude of postprandial protein 
utilisation is total oxidation less L rl and Lo. Whilst the extent to which L rl and Lro 
are the same in the postabsorptive and postprandial state cannot be known with 
certainty the triple infusion study showed that they were not markedly different as 
judged by the similar magnitude of postprandial protein utilisation as calculated from 
the slope of the postabsorptive to high protein and low to high protein balance curves. 
Hence the meal-related increase in leucine oxidation was calculated as postprandial 
oxidation minus postabsorptive oxidation. However unlike in the triple infusion 
studies in which intake was known and constant, in the single meal studies, 
calculation of postprandial protein utilisation as intake - Lr2 is problematic. 
Postprandial protein utilisation could be calculated as an instantaneous leucine 
balance i.e. all of the leucine intake assumed to have occurred instantaneously at the 
start of the feeding period less the cumulative excess leucine oxidation calculated at 
each measured time point throughout the six hours after the meal. On this basis 
postprandial protein utilisation would fall from 100% at the start of feeding to some 
lower value after 6 hrs. However since this is not the physiological reality of meal 
protein utilisation then it is better to calculate cumulative increased oxidation 
assuming that a plateau will be reached when all meal related increased oxidation has 
disappeared and compare plateau values for the two dietary sources and this is what 
was done here (see Figure 12).
3.1.1. Milk Protein Meal.
In the milk protein study CO2  enrichment did not return to baseline during the 
duration of the study, resulting in an elevated leucine oxidation rate 6 hrs after the 
meal. The plasma leucine concentration also did not return to baseline despite the 
other indices of meal absorption (plasma glucose, insulin and paracetamol) indicating 
that meal absorption was complete within 3 hours of consumption. The delayed 
absorption of some dietary protein may be a feature of milk.
The protein in bovine milk can be divided into two major protein classes: the 
casein phosphoproteins and the whey proteins, with the casein fraction dominating 
(casein : whey ratio of 82:18). In solution, bovine casein associates into complex
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micelles that bind calcium, magnesium and phosphate and it is these micelles which 
give milk its white appearance. Bovine casein also precipitates at an acid pH. (For a 
review on casein see Miller et al., 1990). Human milk caseins differ from bovine in 
quantity, amino acid composition and physiochemical properties. Human casein also 
forms smaller micelles and softer and easier to digest curds in an acid environment. 
Due to these differences in human and bovine casein, humans are less able to digest 
bovine casein. Following consumption of bovine milk by humans a precipitate is 
formed and this complexing means casein protein resists digestion due to the 
inaccessibility of specific bonds to the action of the proteases. In contrast whey 
proteins are rapidly digested and absorbed. Hence it is possible that in our study, 
following the large volume of bovine milk consumed in a short time, whilst most of 
the milk protein was absorbed in the first three hours after the meal, the elevated 
plasma leucine concentration in the final three hours reflected the delayed absorption 
of some of the casein fraction.
Clearly, with leucine oxidation still to some extent elevated at six hours after 
the meal, postprandial protein utilisation would continue to fall with time as the 
leucine oxidation returned to baseline. However the rate of this fall with time was 
small as indicated by the absence of any significant differences between the ef­
ficiencies of postprandial protein utilisation for the final forty minutes of the study. 
Hence it is probably justifiable to use the value at 6 hours after the meal for com­
parison. In fact the value for the efficiency of postprandial protein utilisation at 6 
hours (0.936 ± 0.017) was not very different to that obtained with milk protein in the 
steady state (1.031 ± 0.135).
3.1.2. Wheat Protein Meal.
Leucine oxidation peaked later following the wheat protein meal than 
following the milk protein meal which together with the delayed pattern of other 
metabolic responses to the meal indicated a delayed absorption of the wheat protein. 
However, following the wheat protein meal, leucine oxidation had returned to 
baseline by 540 minutes. Thus the cumulative increased oxidation and derived 
postprandial protein utilisation had plateaued by the end of the study with no 
significant differences seen in the values from 480 minutes onwards. As with the 
steady state meals, protein quality appeared to effect the efficiency with which the 
meals were utilised, with the wheat protein single meal utilised less efficiently than 
the milk protein single meal (wheat protein 0.599 ± 0.061; milk protein 0.936 ±
0.017; p<0.0005).
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3.1.3. Large Versus Small Meals.
The data obtained in this study indicates that in healthy adults, protein fed in a 
single, high protein meal is utilised as efficiently for postprandial protein deposition 
as with frequent, small meals. Since there was no previous data for comparison at the 
outset of these studies we had no preconceived ideas about whether meal size would 
influence postprandial protein utilisation. Clearly the data in this section is consistent 
with the results in the triple infusion studies which suggest that a main determinant of 
leucine oxidation is the plasma concentration. However these results do demonstrate 
more complexity than a simple substrate driven model.
As shown in Figure 10b, after the milk meal leucine oxidation increased in a 
way which closely reflected plasma leucine concentrations, with the peak rate 
coinciding with the peak leucine concentration. However after this time leucine 
oxidation remained at the maximal level for more than 2 hrs while the leucine 
concentration slowly fell. Furthermore the marked fall in leucine oxidation back to a 
near baseline level, when it occurred nearly 3 hrs after the meal, occurred with little 
change in plasma leucine and with a small increase in KIC. Thus it is clear that 
leucine oxidation rate does not bear a simple relationship to plasma leucine con­
centrations. Since the fall in leucine oxidation after 400 minutes coincided with the 
return of insulin to baseline and with the increase in concentration of KIC it is 
tempting to suggest that leucine oxidation is activated by elevated insulin levels as 
well as elevated leucine levels. With KIC the actual substrate for the branched chain 
keto acid dehydrogenase (BCKAD) and assuming that plasma KIC reflects 
intracellular KIC concentrations, the fall in KIC concentrations between 250 and 400 
minutes whilst oxidation rates were maintained at the maximal level suggests that 
leucine oxidation is not simply substrate driven and that insulin can modify any 
substrate activation.
After the wheat meal, in contrast to milk, leucine oxidation followed leucine 
concentration much more closely. With the slow increase in plasma leucine, the 
increase in oxidation was also delayed. Since there was a rapid rise in insulin levels 
and a longer period of maximal insulin with leucine oxidation not reaching its peak 
value until 60 minutes after insulin levels had started to fall, this suggests that in the 
absence of increases in leucine concentration leucine oxidation cannot be markedly 
stimulated by insulin.
As recently reviewed by Millward (1995) the extent to which insulin is or is 
not an independent activator of leucine oxidation remains unresolved. The branch 
chain a-keto-dehydrogenase, BCKAD, is an important site of regulation of leucine
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oxidation (Harper et al., 1984). This enzyme is regulated through complex 
mechanisms (Harper et al., 1984), involving allosteric activation by its substrates, 
especially a-KIC, end product inhibition by NAD/NADH and reversible 
phosphorylation/dephosphorylation of a serine residue in the a-subunit, (Hood and 
Terjung, 1991), the dephosphorylated form being active. One important site is human 
muscle where there is a high capacity for the complete oxidation of the BCAA's (Elia 
& Livesey, 1981). The enzyme activation has been directly shown to have an 
important though not exclusive influence on BCAA oxidation (Hood & Terjung, 
1991).
There is some evidence for a stimulatory influence of insulin on the regulation 
of BCKAD. In 3-day fasted rat hind limb, insulin infusion increased leucine oxidation 
(Hutson et al., 1981). Insulin and leucine both stimulate BCKAD activity, promoting 
dephosphorylation in the adipose tissue enzyme (Frick & Goodman, 1989). However 
in the whole body a complex role is apparent. 1-^C -leucine oxidation in normal 
fasted adults (Hutson et al., 1980) measured after a 12 hr fast was insensitive to 
increased insulin with leucine clamped at a low concentration, and oxidation increased 
with the physiological increases in leucine concentration after a 4 day fast whilst 
insulin decreased. However with leucine clamped at the higher 4-day fasted level, 
increases in insulin increased leucine oxidation markedly. This suggests that in the 
whole body the overriding regulatory influence on BCKAD is substrate availability, 
the sensitivity to which is manifest throughout the physiological range of insulin 
down to the lowest levels observed, with an additional independent insulin stimulation 
that occurs above a threshold level of leucine concentration. On the other hand, in the 
insulin withdrawn Type I diabetic leucine oxidation is increased (Pacy et al., 1991) so 
that an absolute but low level of need for insulin to activate BCKAD remains to be 
demonstrated.
3.2. Leucine Oxidation as a Measure of Nitrogen Balance and the Equivalence of 
Leucine Oxidation and Nitrogen Excretion.
Calculation of amino acid balances as an alternative to N balance requires that 
the amino acids are indispensable so that the diet represents their only source, and 
gains and losses represent changes in equivalent amounts of tissue protein. In the 
fasted state leucine oxidation should be accompanied by an equivalent amount of 
oxidation of the other protein-bound amino acids and N excretion with an amino 
acid/N ratio of tissue protein. During feeding when the food amino acid/N ratio 
differs from that in tissue protein, the amino acid/N ratio of the food protein
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catabolised will be different from that of tissue protein deposition. The N equivalent 
of the amino acid oxidation can be calculated by subtracting from the N intake the N 
deposited as body protein. The latter is calculated from amino acid balance assuming 
leucine/N tissue ratios of 3.93pmol/mgN. When the amino acid/N ratio of the diet is 
different from that of the tissues, as with milk, changes in amino acid oxidation 
during feeding will not be proportional to changes in N excretion if the proportion of 
intake deposited changes. Thus as an increasing amount of the intake is deposited the 
amino acid/N ratio of the total amino acid mixture oxidised will increase. Clearly 
without precise information about the amino acid composition of the tissue proteins 
deposited, such calculations can only be approximate.
In the present studies some information can be obtained from the nitrogen 
balance data since values for the efficiency of postprandial protein deposition were 
also obtained from urinary nitrogen balances (corrected for changes in the body urea 
pool) for the first and second three hour periods following meal consumption. For the 
milk protein study it was assumed that all the intake occurred in the first three hours 
after the meal. For the wheat protein meal the distribution of the meal between each 
time period was more difficult and assumptions were made using the change in 
plasma leucine concentration as an indicator of absorption. Hence wheat protein 
nitrogen balances are less reliable than those of milk protein. Values for postprandial 
protein utilisation calculated using urinary nitrogen balance were in good agreement 
with those obtained using leucine balance (Table 3). However the very large standard 
deviation obtained using the six hour wheat protein nitrogen balance suggests that the 
assumptions made concerning intake were not always appropriate and or that the 
nitrogen excretion data over short periods is prone to error.
METHOD MILK WHEAT
3 hours 6 hours 3 hours 6 hours
LEUCINE 0.845 ±0.037 0.765 ±0.014 0.890 ±0.042 0.711 ±0.064
NITROGEN 0.940 ±0.117 0.809 ±0.186 0.823 ±0.320 0.901 ±0.880
Table 3. Comparison of the postprandial protein utilisation values obtained using 
leucine and nitrogen balances for both the milk and wheat protein meals 
at 3 and 6 hours after consumption of the meal. Values are mean ± SD.
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3.3. The Metabolic Response to the Single Meals.
As discussed above if the size of the free amino acid pool is changing the 
calculations of the flux from the isotopic enrichment will require non-steady state 
equations which take account of the influence of changes in the pool size on the tracer 
dilution. Thus knowledge is required of both intracellular and extracellular leucine 
pool sizes and enrichment. Hence calculation of values for flux and its components, 
synthesis and degradation, are difficult.
Calculations of protein turnover are however complicated due to the presence 
of a non-steady state for part of the study. One option would be to only make 
calculations when there was a metabolic state i.e. to avoid the period when the 
leucine/KIC pool is changing. However this would not allow us to draw any 
conclusions concerning the period following the meal. Hence non-steady state 
calculations were used as far as was possible during the meal absorption period. For 
this period the non-steady state calculations described by Wolf (1992) of leucine 
appearance (Ra) and disappearance (Rd) were used, which take account of changes in 
the leucine pool size and KIC enrichment at successive time points. Then non- 
oxidative leucine disappearance (synthesis) is Rd - leucine oxidation and endogenous 
leucine appearance (proteolysis) is Ra - leucine intake (tracer and dietary intake).
Since, as discussed above, leucine oxidation can be measured with some 
certainty, calculation of synthesis is possible. However the difficulty comes in the 
calculation of proteolysis. The problem is in reliably estimating the timing and rate of 
meal protein absorption. To try to overcome this problem paracetamol was added to 
the meal and its appearance in plasma monitored. Evidence that paracetamol 
absorption was a good indicator of amino acid absorption was obtained in one milk 
protein study where D3 leucine was also added to the meal. Good agreement was 
obtained between the appearance of paracetamol and D3 leucine in the plasma. Hence 
for the milk protein study it was assumed that absorption occurred from the time 
paracetamol appeared in the plasma until it peaked, as this reflected the appearance of 
plasma D3 leucine. However on the basis of this calculation negative rates of 
proteolysis were obtained for the 80 minutes after the meal. This suggests that leucine 
intake was overestimated for this time period and was still being absorbed in the time 
following the paracetamol/D3 leucine peak but that exit from the plasma was 
exceeding entry during this time. Also, as already discussed, the plasma leucine 
concentration remained elevated throughout the duration of the study, and this is 
suggestive of the continuation of leucine absorption during this time. Obviously more
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reliable measures of meal absorption are required in any future such studies.
A further problem arises when estimating intake for the wheat protein study. 
In this study the paracetamol was added to a drink while the protein was in the form 
of a 'bread'. The appearance of paracetamol in the plasma following the wheat protein 
meal was slightly more rapid than occurred following the milk protein meal. Plasma 
insulin and glucose increased similarly in both studies. However from the plasma 
leucine concentrations and leucine and KIC enrichment data it is clear that amino acid 
absorption was delayed, due to the reduced digestibility of the meal, until 
approximately two hours after the meal was consumed. Hence in this study 
paracetamol can not be used as an indicator of amino acid absorption. So for the 
wheat protein study the time course of the rise in plasma leucine concentration was 
used as an estimate of absorption.
On the basis of these assumptions, following both meals protein utilisation was 
mediated by a stimulation of protein synthesis and inhibition of proteolysis which was 
especially marked following the milk meal. The question can be posed as to whether 
alternative patterns of intake could negate any inhibition of degradation.
One possibility is to use labeled protein as a measure of intake. Another 
possibility is to use an alternative paradigm for calculation of the intake based on the 
plasma leucine concentration response. Clearly the way in which plasma leucine 
varies after a meal will not only be a function of intake since in response to energy 
alone and the associated insulin release, plasma leucine may fall as shown in the triple 
infusion studies. However it would have the advantage of allowing calculation of an 
intake rate which varied in a more continuous and physiological way than the step­
like changes in intake used here. To calculate the intake in this way the rate can be 
made proportional to the elevation of plasma leucine concentration over the baseline. 
Thus the elevation over baseline concentration is first calculated for each time point. 
Secondly the total elevation is summed and the elevation is then expressed as a 
fraction (f) of the total elevation. Intake is then calculated as the total digestible meal 
leucine * f  which will give the minute intake rate.
In this way the change with time in intake is exactly proportional to the change 
with time in the plasma leucine concentration and this is shown in Figures 17a (milk) 
and 17b (wheat). Clearly the intakes based on the plasma leucine concentrations do 
follow a more "physiological" time course. The calculated rates of degradation are 
shown in Figures 18a (milk) and 18b (wheat). With the milk there is still a problem in 
that negative rates of proteolysis are calculated between 220 and 250 minutes but the 
overall pattern does appear better with the recalculated values (calculation 2). In this 
case a lower rate of protein degradation during the last 100 minutes is apparent. For
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the wheat meal (Figure 18b) degradation is now unchanged until the commencement 
of a sustained fall from 300 minutes to a total inhibition at 420 minutes with a return 
towards basal rates after this time. Clearly without additional independent data the 
true pattern of changes in degradation cannot be calculated. However on the basis that 
these recalculated intake rates are the best estimates that we can use it would appear 
that in each case after the milk and wheat protein meals the inhibition of protein 
degradation is an important component of the protein accretion mechanism. On this 
basis the main difference between wheat and milk is the time course of the response.
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Figure 17a. Time course of leucine intake following the milk protein meal. 
Calculation 1 is the intake time course used in the results. For calculation 2 the change 
with time in intake is exactly proportional to the change with time of the plasma 
leucine concentration.
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Figure 17b. Time course of leucine intake following the wheat protein meal. 
Calculation 1 is the intake time course used in the results. For calculation 2 the change 
with time in intake is exactly proportional to the change with time of the plasma 
leucine concentration.
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Figure 18a. Influence of the intake calculations shown in Figure 17a on the 
calculation of proteolysis following the milk protein meal.
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Figure 18b. Influence of the intake calculations shown in Figure 17b on the 
calculation of proteolysis following the wheat protein meal.
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CHAPTER SIX.
CONCLUSIONS AND AREAS FOR FUTURE STUDY.
1. Regulation of Protein Deposition During Feeding.
The development of the triple infusion protocol has allowed the investigation 
of the efficiency with which dietary protein is utilised and also how this is regulated. 
It has also allowed us to investigate the roles of insulin and amino acids on the 
response to feeding.
The kinetic responses to feeding support the findings of Pacy et al. (1994). 
Dietary energy, via its influence on insulin, exerted a protein conserving effect acting 
to lower proteolysis and protein synthesis. The addition of protein to the diet had an 
anabolic effect, enhancing the insulin-mediated inhibition of proteolysis, stimulating 
protein synthesis and increasing amino acid oxidation.
Milk protein fed in frequent small meals was utilised very efficiently. The 
efficiency of utilisation proved to be a function of the degree to which degradation is 
inhibited by amino acids in the presence of insulin. Insulin itself had no relationship 
with postprandial protein utilisation. Increases in synthesis were generally counter 
productive since they were normally associated with increases in oxidation. However 
in a few individuals this increase in synthesis is advantageous. Hence future work 
needs to investigate why increases in synthesis are not always detrimental.
2. Influence of Ageing on Postprandial Protein Utilisation.
The group of healthy elderly studied exhibited on average no defect in the 
efficiency with which they utilised protein. This suggests that there is no decline with 
age in this component of the homeostatic mechanism of nitrogen balance. 
Furthermore there was no evidence of any increase in postabsorptive losses since they 
actually decreased with age, although this decrease was less evident following 
correction for lean body mass differences. Hence in this cohort of elderly we have 
found no evidence of impaired nitrogen homeostasis.
However a sub-group of elderly with a reduced sensitivity of proteolysis to 
amino acid intake was revealed. This indicates that this sub-group may require a 
higher habitual protein intake to ensure optimal postprandial deposition and hence 
efficient utilisation of dietary protein. Due to the importance of distinguishing those at 
greater risk of inadequate protein nutrition, and hence wastage of lean body mass, this 
area needs further research. Unfortunately with the parameters measured in this study
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we were unable to separate the two sub-groups of elderly and so the definition of 
some 'risk factor' remains an important aim for the future. Studies on a less active 
group of elderly may help in this.
3. The Influence of Protein Quality on Postprandial Protein Utilisation.
The kinetic response to the feeding of wheat protein differed from that seen in 
response to milk protein in that wheat protein resulted in only a small inhibition of 
degradation. Hence it appears that the amino acid composition of a protein may 
influence its utilisation not just through an effect of substrate limitation for amino acid 
deposition but also through a regulatory effect on proteolysis. Research has revealed 
leucine to be the most potent of the regulatory amino acids for the inhibition of 
protein degradation in the liver (Poso et al., 1982), while in cardiac and skeletal 
muscle only leucine is required (Tischler et al., 1982). Hence it may well be that the 
low concentration of leucine in wheat protein compared to milk protein resulted in a 
less potent stimulation for the inhibition of degradation. However it could also be due 
to the limiting lysine content of wheat protein. To investigate this studies need to be 
conducted using maize as the protein source. Maize has a high leucine but low lysine 
content (28 and 132 mg /  g nitrogen respectively) and so will enable the question to 
be answered.
As expected from the protein quality wheat protein was utilised less efficiently 
than milk protein for postprandial protein deposition. However it was still utilised 
more efficiently than would have been predicted from the PDCAAS (FAO/WHO, 
1994). Hence it is possible that, in this early postprandial period, there is some 
recycling of lysine. Future studies need to examine whether this efficient utilisation of 
wheat protein can be maintained throughout the entire postprandial period.
4. The Influence of Meal Size on Postprandial Protein Utilisation.
The single meal protocol allowed us to measure the efficiency of utilisation 
after a more physiological large, single meal. However feeding of such meals results 
in a non-steady state which makes kinetic calculations difficult. However, by the use 
of frequent sampling reliable calculations of leucine oxidation, and hence postprandial 
protein utilisation, could be made.
Very similar efficiencies of utilisation were achieved with feeding both the 
single meals and frequent, small meals. Hence meal size has no effect on the 
efficiency of postprandial protein utilisation. As with the frequent, small meals wheat
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protein was utilised less efficiently than milk protein.
Although the non-steady state equations allowed calculation of protein 
synthesis, without accurate measures of meal absorption no conclusions can be drawn 
concerning proteolysis. Hence if protein turnover following single meals is to be 
studied in the future an accurate measure of meal absorption is required. Although 
paracetamol appears to provide a good indicator of amino acid absorption this is only 
relevant if the paracetamol is consumed from the same source as the amino acids. 
Secondly, paracetamol is only a good indicator of free amino acid absorption while 
the amino acids of interest are fed as protein and hence require digestion prior to 
absorption. Hence, in future, for an accurate measure of protein digestion and 
absorption the protein source itself needs to be labeled.
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APPENDIX 1.
Individual Subject Data For The Triple Infusion Milk Study.
Individual subject data for all measured parameters and leucine kinetics for the triple 
infusion milk study. Subjects are divided into age groups.
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■SOEECT PHASE GLUCOSE
(mmoM)
INSULIN
(pmol/l)
YOUNG
HI PA 4.50 24.69
LP 5.80 101.23
HP 4.15 113.92
JV PA 4.55 20.00
LP 8.75 167.00
HP 4.75 175.00
SA PA 3.65 20.00
LP 6.50 130.00
HP 6.60 155.00
JW PA 4.55 20.00
LP 4.95 210.00
HP 4.10 180.00
KM PA 4.15 20.00
LP 4.95 402.11
HP 4.90 54.11
SA PA 3.55 20.00
LP 4.25 410.00
HP 4.65 265.00
RB PA 4.70 4200
LP 5.30 185.00
HP 5.90 165.00
NG PA 4.15 25.00
LP 4.50 310.00
HP 4.80 330.00
SR PA 5.10 39.00
LP 5.90 430.00
HP 4.60 560.00
DW PA 3.90 120.00
LP 6.05 230.00
HP 490 26500
MDDLE-AGED
JM PA 4.25 37.00
LP 5.85 140.00
HP 6.60 290.00
PP PA 3.55 20.00
LP 4.20 130.00
HP 3.35 120.00
MQ PA 4.20 60.00
LP 3.80 350.00
HP 4.15 360.00
PS PA 4.20 36.00
LP 6.05 470.00
HP 5.15 470.00
SV PA 6.20 155.00
LP 11.60 1050.00
HP 720 96000
ELDERLY
SG PA 4.00 3292
LP 5.90 317.96
HP 4.60 187.44
AN PA 4.00 39.97
LP 5.30 308.86
HP 4.95 204.88
WN PA 4.30 60.89
LP 5.35 679.78
HP 4.90 433.89
FC PA 3.90 77.50
LP 4.75 33216
HP 4.60 254.82
JW PA 50.17
SW
LP
HP
PA 4.45
383.21
499.74
41.88
LP 6.40 197.77
HP 5.00 124.99
SM PA 4.65 4242
LP 5.80 428.38
HP 5.20 234.79
MM PA 3.40 23.59
LP 4.75 359.95
HP 5.35 245.51
OH PA 3.70 88.03
LP 5.85 665.28
HP 4.40 491.75
JH PA 3.85 28.60
LP 5.85 517.12
..HP 435 262.13
Table 1. P lasm a glucose and insulin values
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SUBJECT P>hAse InTAke
(umol leu/ 
Ka/hl
klCMPE VC02
(ml/min)
YOUNG
HI PA 7.2 4.79 208.90
LP 20.2 5.46 233.50
HP 78.8 4.37 234.0
JV PA 7.2 4.67 176.90
LP 20.3 6.47 234.00
HP 78.8 5.47 227.0
SA PA 6.9 5.15 183.60
LP 19.9 6.15 210.40
HP 78.5 4.10 208.6
JW PA 6.0 4.54 162.80
LP 19.0 5.27 187.70
HP 90.5 3.87 189.4
KM PA 7.0 5.37 161.80
LP 20.0 5.51 177.80
HP 78.6 4.30 177.5
SA PA 7.1 4.74 207.90
LP 20.2 5.78 236.10
HP 91.7 3.95 234.9
RB PA 7.3 4.29 178.60
LP 20.3 5.68 24830
HP 91.9 4.15 2193
NG PA 7.0 4.66 19730
LP 20.0 4.72 23930
HP 85.0 3.94 247.6
SR PA 7.4 6.06 226.20
LP 20.4 6.87 25330
HP 85.4 5.72 2633
DW PA 7.1 4.42 17730
LP 20.1 5.24 232.70
HP 852 366 253.0
MDDLE-AGED
JM PA 7.2 6.79 197.70
LP 20.2 7.48 21830
HP 78.7 5.83 236.0
PP PA 7.1 5.59 16130
LP 20.1 6.25 20330
HP 85.2 4.76 200.2
MQ PA 6.8 4.66 213.70
LP 19.8 5.44 25530
HP 104.4 3.97 275.0
PS PA 7.0 5.92 218.20
LP 20.0 7.13 252.50
HP 85.1 5.41 253.1
sv PA 7.1 5.11 227.70
LP 13.0 6.01 25530
HP 78 6 4 21 269.2
ELDERLY
SG PA 7.0 6.84 133.80
LP 20.0 7.44 14530
HP 85.0 5.87 148.9
AN PA 7.7 5.08 14630
LP 20.7 5.84 171.20
HP 85.8 5.11 167.4
WN PA 6.5 4.48 15930
LP 19.5 5.31 183.90
HP 78.1 3.75 181.9
FC PA 6.9 6.19 190.60
LP 19.9 6.42 209.50
HP 85.0 4.25 210.7
JW PA 6.90 5.66 207.60
LP 19.90 5.75 228.90
HP 84.90 5.24 223.9
SW PA 6.9 5.79 137.70
LP 20.0 5.62 148.70
HP 720 4.18 157.7
SM PA 6.8 6.21 139.20
LP 19.9 7.69 152.00
HP 71.9 5.18 153.0
MM PA 6.8 6.58 138.90
LP 19.8 7.08 148.70
HP 78.3 6.16 1493
OH PA 6.8 6.70 137.50
LP 19.8 6.14 149.00
HP 71.9 4.40 146.6
JH PA 6.8 6.76 155.40
LP 19.8 7.38 171.80
.HP.,. 91.4 5 70 171.2
Table 2. Leucine intake, K1C enrichment and VC02.
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SU6JE6T PHASE OXIDATION
(umol/Ka/h)
Flux
(umol/Ka/h)
synW£6is
(umol/Ka/h)
b£6hA5AYi6N
(umol/Ka/h)
BALANCE
(umol/Ka/h)
YOUNG
HI PA 34.72 147.75 113.03 140.52 -27.48
LP 3233 129.76 97.43 109.52 -1209
HP 47.76 161.93 114.17 83.14 31.03
JV PA 27.32 123.94 96.62 116.70 -20.08
LP 25.93 109.62 83.64 89.37 -5.73
HP 3212 129.59 97.47 50.79 46.68
SA PA 23.51 131.65 108.14 124.73 -16.59
LP 23.02 110.13 87.10 90.20 -3.09
HP 35.58 165.13 129.55 86.66 4289
JW PA 23.85 128.67 99.82 12271 -2289
LP 30.48 110.78 80.30 91.81 -11.51
HP 4247 150.95 108.47 60.42 48.06
KM PA 19.68 128.00 108.33 120.98 -1266
LP 26.72 124.69 97.96 104.66 -6.69
HP 41.90 159.78 117.88 81.20 36.68
SA PA 31.81 147.38 115.57 140.24 -24.67
LP 23.26 120.91 97.65 100.76 -3.11
HP 44.93 176.83 131.91 85.13 46.78
RB PA 28.11 166.69 138.58 159.38 -20.80
LP 23.08 126.11 103.03 105.79 -2.76
HP 34.16 17266 138.50 80.78 57.72
NG PA 30.38 146.28 115.90 139.31 -23.41
LP 30.71 144.48 113.76 124.50 -10.74
HP 37.97 172.93 134.97 87.91 47.06
SR PA 3239 119.10 86.71 111.73 -25.02
LP 33.16 105.00 71.84 84.62 -1278
HP 36.36 126.03 89.67 40.60 49.07
DW PA 39.56 157.39 117.83 150.28 -3246
LP 36.36 13265 96.29 11253 -16.25
HP 6? 65 19012 127.47 104 96 2251
MIDDLE-AGED
JM PA 23.61 103.51 79.91 96.34 -16.43
LP 18.68 93.92 75.24 73.74 1.50
HP 31.47 120.54 89.08 41.81 47.26
PP PA 29.92 124.92 95.00 117.80 -2279
LP 29.85 111.71 81.86 91.57 -9.71
HP 40.43 146.55 106.12 61.36 44.76
MQ PA 37.26 143.12 105.86 136.30 -30.44
LP 34.18 122.77 88.59 10294 -14.35
HP 49.21 168.30 119.10 63.91 55.19
PS PA 27.53 116.33 88.79 109.29 -20.50
LP 20.81 96.58 75.76 76.53 -0.77
HP 28.57 127.22 98.65 4212 56.53
SV PA 31.26 135.06 103.80 128.01 -24.21
LP 24.26 114.78 90.52 101.77 -11.25
HP 40 29 16403 12374 8542 38 32
ELDERLY
SG PA 15.59 99.92 84.33 9294 -8.61
LP 16.50 91.85 75.34 71.85 3.49
HP 27.12 116.44 89.32 31.39 57.93
AN PA 19.59 148.16 128.56 140.47 -11.90
LP 2264 129.02 106.38 108.31 -1.93
HP 26.37 147.47 121.10 61.72 59.38
WN PA 26.70 14229 115.59 135.77 -20.18
LP 22.00 120.13 98.13 100.61 -247
HP 37.58 170.04 132.46 91.97 40.49
FC PA 22.00 109.58 87.58 102.65 -15.08
LP 23.03 105.56 8253 85.62 -3.10
HP 40.29 159.54 119.25 74.56 44.69
JW PA 27.04 127.92 100.89 121.05 -20.16
LP 25.83 117.11 91.28 97.23 -5.95
HP 26.40 119.40 93.00 34.47 58.54
SW PA 26.94 117.41 90.47 110.47 -20.00
LP 27.01 120.84 93.84 100.89 -7.06
HP 49.00 16262 113.62 90.62 22.99
SM PA 18.04 107.93 89.88 101.08 -11.20
LP 17.15 87.72 70.57 67.87 270
HP 31.56 137.83 106.27 65.94 40.33
MM PA 2212 100.74 78.61 93.96 -15.35
LP 24.46 93.68 69.22 73.90 -4.68
HP 29.50 107.70 78.19 29.37 48.83
OH PA 18.77 99.57 80.80 92.75 -11.95
LP 26.83 108.70 81.87 88.87 -7.00
HP 45.20 151.64 106.44 79.77 26.67
JH PA 16.56 98.46 81.90 91.66 -9.76
LP 17.77 90.18 7241 70.37 2.04
HP 2823 116.82 88 59 2545 6314
Table 3. Leucine kinetic da ta
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APPENDIX 2.
Individual Subject Data For The Triple Infusion Wheat Study.
Individual subject data for all measured parameters, leucine kinetics and PPU for the 
triple infusion wheat study.
SUBJECT PHASE KIC CONC 
(p,M)
LEUCINE
CONC
(UM)
LYSINE
CONC
(M-M)
LEUCINE
MPE
DJM PA 66.72 63.77 94.94 3.13
LP 49.01 48.78 73.77 2.67
HP 61.19 70.58 62.41 3.57
NG PA 75.44 85.37 94.77 3.98
LP 38.28 51.68 72.87 4.54
HP 56.61 87.46 78.69 4.28
PP PA 72.03 80.60 98.32 3.54
LP 40.58 49.70 72.73 4.96
HP 47.36 88.99 73.77 4.11
JV PA 75.22 158.54 111.47 3.25
LP 37.84 65.05 91.84 4.99
HP 25.45 53.45 95.91 4.98
SA PA 71.23 113.09 102.53 2.98
LP 44.05 78.16 84.69 3.96
HP 74.37 124.11 92.29 3.24
MEAN± PA 72.1313.18 100.271
33.17
100.411
6 .2 1
3.3710.35
SD LP 41.9514.16 58.671
11.38
79.1817.76 4.2210.86
HP 5 2 . 9 9 ± 1 6 . 2 9 84.921
23.47
80.611
12.27
4.0410.60
Table 1. Plasma leucine, lysine and KIC concentrations and leucine enrichment.
173
SUBJECT PHASE UREA
(mmol/1)
GLUCOSE
(mmol/1)
INSULIN
(pmol/1)
N excretion 
(gN)
DJM PA 3.21 4.75 31.09 1.34
LP 2.90 5.47 219.61 1.78
HP 2.73 5.21 213.60 0.96
NG PA 4.80 4.98 39.66 2.95
LP 4.03 5.31 326.49 2.57
HP 3.78 5.81 271.50- 2.34
PP PA 7.91 4.66 23.00 2.75
LP 6.70 5.20 2 2 2 .2 2 2.59
HP 6.06 5.73 120.60 2.26
JV PA 4.17 3.55 24.35 1.91
LP 4.25 9.39 154.45 1.62
HP 3.65 5.11 154.77 1.93
SA PA 6.71 4.33 23.00 2.57
LP 5.61 5.48 476.85 2.64
HP 5.35 5.10 153.24 3.77
MEAN ± 
SD
PA
LP
HP
5.36±1.71
4.70±1.32
4.31±1.21
4.45±0.50
6.17±1.61
5.39±0.31
28.22±6.46
279.92±
112.84
182.74+
53.56
2.30±0.60
2.24±0.45
2.25±0.90
Table 2. Plasma glucose, urea and insulin concentrations and urinary nitrogen 
excretion.
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SUBJECT PHASE INTAKE
(imol/Kg/h
KIC MPE CO2  APE V C 02
(ml/min)
DJM PA 3.66 2.942 0.007 0.142
LP 11.64 2.890 0.005 0.232
HP 48.07 2.498 0.006 0.226
NG PA 3.63 3.534 0.008 0 .2 1 1
LP 10.28 3.565 0.007 0 .2 1 0
HP 40.84 2.412 0.007 0.204
PP PA 3.81 2.527 0.006 0.151
LP 10.82 3.396 0.006 0.191
HP 46.67 2.819 0.005 0.192
JV PA 3.67 1.707 0.007 0.139
LP 10.28 2.440 0.009 0.170
HP 40.67 1.978 0 .0 1 0 0.169
SA PA 3.62 2.133 0.006 0.213
LP 10.70 2.781 0.004 0.246
HP 50.29 2.268 0.005 0.249
MEAN ± PA 3.68±0.07 2.568± 0.007± 0.171±
0.633 0 .0 0 1 0.034
SD LP 10.74±0.50 3.015± 0.006± 0 .2 1 0 ±
0.412 0 .0 0 2 0.028
HP 45.31±3.89 2.395± 0.007± 0.208±
0.276 0 .0 0 2 0.028
Table 3. Leucine intake, KIC and CO2  enrichment and VCO2 .
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SUBJECT PHASE FLUX OXID SYN DEG BAL
pM/Kg/h
DJM PA 1 2 2 .0 1 16.07 105.93 118.35 -12.41
LP 124.16 15.83 108.33 112.52 -4.19
HP 143.68 20.84 122.84 95.61 27.23
NG PA 100.70 22.48 78.22 97.07 -18.85
LP 99.82 15.21 84.61 89.54 -4.93
HP 147.56 21.42 126.13 106.72 19.42
PP PA 147.84 15.71 132.13 144.02 -11.90
LP 1 1 0 .0 0 12.32 97.69 99.19 -1.50
HP 132.54 14.17 118.37 85.87 32.50
JV PA 210.89 27.70 183.18 207.21 -24.03
LP 147.52 25.47 122.05 137.24 -15.19
HP 182.03 32.59 149.44 141.36 8.07
SA PA 166.39 27.57 138.82 162.77 -23.95
LP 127.63 14.73 112.90 116.93 -4.04
HP 156.47 20.50 135.98 106.19 29.79
MEAN± PA 149.56± 21.91± 127.66+ 145.88± -18.23±
37.93 5.26 35.05 37.92 5.30
SD LP 121.83± 16.71± 105.11± 111.08+ -5.97±
16.27 4.54 12.91 16.29 4.76
HP 152.45± 21.90+ 130.55± 107.15± 23.40±
16.66 5.96 11.08 18.75 8.82
Table 3. Individual values for leucine flux, protein synthesis (syn), protein 
degradation (deg) and balance (bal).
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T h e  i m p o r t a n c e  o f  p r o t e i n  q u a l i t y  i n  h u m a n  n u t r i t i o n  i s  c u r r e n t l y  d i f f i c u l t  t o  a s s e s s  i n  t h e  a b s e n c e  o f  
w i d e l y  a c c e p t a b l e  r e q u i r e m e n t  v a l u e s  f o r  i n d i s p e n s a b l e  a m i n o  a c i d s  ( M i l l w a r d  e t  a l.  1 9 9 3 ) .  T h e  a b i l i t y  o f  
w h e a t  a n d  o t h e r  p l a n t  p r o t e i n  s o u r c e s  t o  s u p p o r t  N  b a l a n c e  i n  h u m a n s  h a s  b e e n  s t u d i e d  b u t  t h e  v a r i a b i l i t y  
i n  s u c h  t r i a l s  r e s u l t s  i n  g r e a t  u n c e r t a i n t y  a b o u t  t h e  o v e r a l l  i m p o r t a n c e  o f  p r o t e i n  q u a l i t y  i n  h u m a n  n u t r i t i o n  
( M i l l w a r d  e t  a l.  1 9 8 9 ) .  I n  o r d e r  f o r  w h e a t  o r  a n y  o t h e r  d i e t a r y  p r o t e i n  t o  m a i n t a i n  N  b a l a n c e  t h e  d i e t  m u s t  
a l l o w  s u f f i c i e n t  p r o t e i n  d e p o s i t i o n  t o  r e p l e t e  p o s t a b s o r p t i v e  l o s s e s  i n  t h e  p o s t p r a n d i a l  s t a t e .  T h i s  i n  t u r n  
r e q u i r e s  n o t  o n l y  t h e  s u b s t r a t e  p r o v i s i o n  f o r  t h e  n e t  p r o t e i n  d e p o s i t i o n  b u t  a l s o  t h e  a p p r o p r i a t e  r e g u l a t o r y  
r e s p o n s e  t o  t h e  d i e t a r y  p r o t e i n  i n  t e r m s  o f  t h e  i n h i b i t i o n  o f  p r o t e o l y s i s  a n d  s t i m u l a t i o n  o f  p r o t e i n  s y n t h e s i s .  
W e  h a v e  a d o p t e d  a  [ 1 3 C ] l e u c i n e  b a l a n c e  p r o t o c o l  t o  m e a s u r e  u t i l i z a t i o n  o f  w h e a t  p r o t e i n  i n  n o r m a l  a d u l t s  
e n a b l i n g  m e a s u r e m e n t  o f  b o t h  t h e  e x t e n t  a n d  m e c h a n i s m s  o f  p o s t p r a n d i a l  p r o t e i n  u t i l i z a t i o n  ( P P U )  f r o m  a  
w h e a t - b a s e d  f o o d .
P P U  i s  c a l c u l a t e d  f r o m  t h e  s l o p e  o f  t h e  l e u c i n e  b a l a n c e - i n t a k e  r e l a t i o n s h i p  b e t w e e n  t w o  p r o t e i n  
i n t a k e  l e v e l s  f e d  s u c c e s s i v e l y  d u r i n g  a  c o n s t a n t  i n f u s i o n  o f  [ 1 3 C ] l e u c i n e  w i t h  l e u c i n e  b a l a n c e  c a l c u l a t e d  a s  
l e u c i n e  i n t a k e  m i n u s  l e u c i n e  o x i d a t i o n  ( G i b s o n  e t a l.  1 9 9 4 ) .
T h e  s u b j e c t s  w e r e  n o r m a l  a d u l t s  a l l  i n  g o o d  h e a l t h  a n d  p r e v i o u s l y  s t u d i e d  w i t h  m i l k  p r o t e i n .  W e  
m e a s u r e d  [ 1 3 C ] l e u c i n e  b a l a n c e ,  d u r i n g  a  s i n g l e  9  h  p r i m e  d o s e  c o n s t a n t  i n f u s i o n  o f  [ l - ^ C j l e u c i n e ,  
i n i t i a t e d  i n  t h e  p o s t a b s o r p t i v e  s t a t e  1 2  h  a f t e r  t h e  l a s t  m e a l ,  a n d  c o m p r i s i n g  t h r e e  3  h  p e r i o d s ,  ( 1 )  t h e  
p o s t a b s o r b t i v e  s t a t e  ( P A  p e r i o d ) ,  ( 2 )  l o w - p r o t e i n  f e e d i n g  ( L P  p e r i o d ,  3 0  m i n  f e e d i n g  o f  1 / 2 4  o f  d a i l y  
e n e r g y  n e e d s  a n d  2 %  p r o t e i n  e n e r g y )  a n d  ( 3 )  a n  i s o e n e r g e t i c  h i g h - p r o t e i n  f e e d i n g  ( H P  p e r i o d ,  3 0  m i n  
f e e d i n g  o f  a p p r o x i m a t e l y  1 4 %  p r o t e i n  e n e r g y ) .  T h e  p r o t e i n  s o u r c e  w a s  s t o n e g r o u n d  w h o l e m e a l  b r e a d  f e d  
w i t h  m a r g a r i n e  a n d  p o t a t o  s t a r c h ,  a n d  w i t h  f a t  p r o v i d i n g  3 0 %  a n d  1 8 %  e n e r g y  i n  p h a s e s  2  a n d  3  
r e s p e c t i v e l y .  L e u c i n e  b a l a n c e  w a s  c a l c u l a t e d  a s  l e u c i n e  i n t a k e  m i n u s  l e u c i n e  o x i d a t i o n ,  c a l c u l a t e d  f r o m  
1 3 c o 2  e x c r e t i o n  a n d  p l a s m a  a - k e t o i s o c a p r o a t e  e n r i c h m e n t ,  m e a s u r e d  d u r i n g  t h e  t h i r d  h o u r  o f  e a c h  3  h  
p h a s e .
T h e  v a l u e  f o r  P P U  c a l c u l a t e d  a s  t h e  s l o p e  o f  t h e  b a l a n c e - i n t a k e  r e l a t i o n s h i p  b e t w e e n  t h e  L P  a n d  
H P  p e r i o d s  w a s  0 . 9 1  ( S D  0 . 1 1 7 ) .  P r o t e i n  d e p o s i t i o n  w a s  m e d i a t e d  t h r o u g h  a n  i n h i b i t i o n  o f  p r o t e o l y s i s  a n d  
s t i m u l a t i o n  o f  p r o t e i n  s y n t h e s i s  a s  i n d i c a t e d  b y  v a l u e s  f o r  l e u c i n e  e n d o g e n o u s  a p p e a r a n c e  r a t e s  o f  1 . 9 9  ( S D  
0 . 0 4 ) ,  1 . 7 0  ( S D  0 . 2 4 )  a n d  1 . 3 7  ( S D  0 . 2 9 )  p m o l e s / m i n  p e r  k g  a n d  l e u c i n e  n o n - o x i d a t i v e  d i s p o s a l  r a t e s  o f  
1 . 6 8  ( S D  0 . 1 2 ) ,  1 . 6 2  ( S D  0 . 2 2 )  a n d  1 . 8 4  ( S D  0 . 2 4 )  p m o l e s / m i n  p e r  k g  f o r  P A ,  L P  a n d  H P  p e r i o d s  
r e s p e c t i v e l y .  T h e s e  r e s p o n s e s  w e r e  a c c o m p a n i e d  b y  l o w e r  p l a s m a  l e u c i n e  c o n c e n t r a t i o n s  i n  t h e  L P  
c o m p a r e d  w i t h  P A  a n d  H P  p e r i o d s  a n d  l o w e r  p l a s m a  l y s i n e  i n  b o t h  L P  a n d  H P  c o m p a r e d  w i t h  P A  p e r i o d .
T h u s  t h e s e  r e s u l t s  s h o w  t h a t  i n  a d u l t s  a d a p t e d  t o  n o r m a l  m i x e d  d i e t s  w h o l e  w h e a t  p r o t e i n  i s  
u t i l i z e d  w i t h  n e a r  m a x i m u m  e f f i c i e n c y  f o r  p o s t p r a n d i a l  p r o t e i n  d e p o s i t i o n  i n  t h e  e a r l y  p h a s e  o f  r e p l e t i o n  o f  
p o s t a b s o r p t i v e  l o s s e s .  F u r t h e r  s t u d i e s  w i l l  b e  r e q u i r e d  t o  a s s e s s  t h e  e x t e n t  t o  w h i c h  t h i s  i s  m a i n t a i n e d  
t h r o u g h o u t  t h e  e n t i r e  p o s t p r a n d i a l  p e r i o d .
T h i s  w o r k  w a s  s u p p o r t e d  b y  R e s e a r c h  i n t o  A g e i n g
G i b s o n ,  N . ,  F e r e d a y ,  A . ,  C o x ,  M . ,  H a l l i d a y ,  D . ,  P a c y ,  P .  &  M i l l w a r d ,  D J .  ( 1 9 9 4 ) .  P r o c e e d in g s  O f  
The N u tr it io n  S o c ie ty  ( I n  t h e  P r e s s )
M i l l w a r d ,  D . J . ,  J a c k s o n ,  A . A . ,  P r i c e ,  G .  &  R i v e r s ,  J . P . W .  ( 1 9 8 9 ) .  N u tr it io n  R e s e a r c h  R e v ie w s  
2 , 1 0 9 - 1 3 2 .
M i l l w a r d ,  D . J . ,  N e w s h o l m e ,  E . A . ,  P e l l e t t ,  P .  &  U a u y ,  R .  ( 1 9 9 3 ) .  I n  P r o te in -E n e r g y  I n te ra c tio n s A  
p p  2 0 4 - 2 1 1  [ B .  S c h u r c h  &  N . S .  S c r i m s h a w ,  e d i t o r s ] .  L a u s a n n e :  I / D / E / C / G  N e s t l e  F o u n d a t i o n .
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Postprandial protein utilization in the elderly. B y  A .  F E R E D A Y 1 ,  N .  G I B S O N 2 ,  M .  C O X 2 ,  D .  
H A L L I D A Y 3 ,  P . J .  P A C Y 2  a n d  D . J .  M I L L W A R D 1 ,  S c h o o l  o f  B i o l o g i c a l  S c i e n c e s .  U n i v e r s i t y  o f  S u r r e y .  
G u i l d f o r d  G U 2  5 X H .  2  N u t r i t i o n  R e s e a r c h  U n i t .  S t  P a n c r a s  H o s p i t a l .  L o n d o n  N W 1  O P E ,  a n d  2  N u t r i t i o n  
R e s e a r c h  G r o u p .  C R C  M i d d l e s e x  H A 1  3 U J
N i t r o g e n  h o m e o s t a s i s  i n  m a n  r e q u i r e s  t h a t  p o s t a b s o r p t i v e  l o s s e s  a r e  r e p l e t e d  i n  t h e  p o s t p r a n d i a l  s t a t e .  T h u s  
a n y  d i f f i c u l t y  i n  m a i n t e n a n c e  o f  N  h o m e o s t a s i s  c a n  u l t i m a t e l y  b e  a t t r i b u t e d  t o  e i t h e r  e x c e s s i v e  
p o s t a b s o r p t i v e  l o s s e s  o r  i n a d e q u a t e  p o s t p r a n d i a l  r e p l e t i o n .  I n  t h e  e l d e r l y  t h e r e  i s  a  l o s s  o f  l e a n  b o d y  m a s s ,  
m a i n l y  s k e l e t a l  m u s c l e ,  w h i c h  i s  a s s o c i a t e d  w i t h  i n c r e a s i n g  i m m o b i l i t y .  T h e  r e a s o n  f o r  t h i s  m u s t  r e f l e c t  
e i t h e r  i n a d e q u a t e  ( o r  i n a p p r o p r i a t e )  f o o d  i n t a k e  o r  d e f e c t i v e  m e c h a n i s m s  c o n t r o l l i n g  d i e t a r y  p r o t e i n  
u t i l i z a t i o n .  H o w e v e r  s t u d i e s  t o  d a t e  h a v e  f a i l e d  t o  i d e n t i f y  a n y  c a u s e .  W e  h a v e  d e s c r i b e d  a  s t a b l e  i s o t o p e  
p r o c e d u r e  f o r  t h e  a s s e s s m e n t  o f  t h e  e f f i c i e n c y  o f  p o s t p r a n d i a l  p r o t e i n  u t i l i z a t i o n  ( P P U ) ,  ( G i b s o n  e t a l. 
1 9 9 4 )  b a s e d  o n  a s s e s s m e n t  o f  l e u c i n e  b a l a n c e  d u r i n g  a  c o n s t a n t  i n f u s i o n  o f  [ 1 3 C ] l e u c i n e  i n  s u b j e c t s  i n  t h e  
p o s t a b s o r p t i v e  s t a t e  a n d  f e d  s u c c e s s i v e l y  w i t h  l o w -  a n d  h i g h - p r o t e i n  m i l k  m e a l s .  P P U  i s  c a l c u l a t e d  f r o m  
t h e  s l o p e  o f  t h e  l e u c i n e  b a l a n c e - i n t a k e  r e l a t i o n s h i p  b e t w e e n  t h e  t w o  i n t a k e  l e v e l s .  W e  h a v e  u s e d  t h e  
p r o t o c o l  t o  e v a l u a t e  t h e  e f f i c i e n c y  o f  P P U  u n d e r  s t a n d a r d  c o n d i t i o n s  w i t h  m i l k  p r o t e i n  i n  a  g r o u p  o f  e l d e r l y  
s u b j e c t s  i n  c o m p a r i s o n  w i t h  y o u n g e r  a d u l t s .
T h e  s u b j e c t s  w e r e  a l l  i n  g o o d  h e a l t h  a n d  m o b i l e ,  t h e  e l d e r l y  c o m p r i s i n g  f o u r  m e n  a n d  f i v e  w o m e n  
a g e d  6 7 - 9 1  y e a r s  in  9 ) ,  a n d  t h e  y o u n g e r  g r o u p  a g e d  b e t w e e n  2 0 - 5 5  y e a r s  (n  1 5 ,  t e n  m e n ,  f i v e  w o m e n ) .  W e  
m e a s u r e d  [ 1 3 C ] l e u c i n e  b a l a n c e  d u r i n g  a  s i n g l e  9  h  p r i m e  d o s e  c o n s t a n t  i n f u s i o n  o f  [ l - 1 3 C ] l e u c i n e  w i t h  
t h r e e  3  h  p h a s e s ,  ( 1 )  t h e  p o s t a b s o r p t i v e  s t a t e ,  ( 2 )  l o w - p r o t e i n  f e e d i n g  ( 3 0  m i n  f e e d i n g  o f  1 / 2 4  o f  d a i l y  
e n e r g y  n e e d s  a n d  2 %  p r o t e i n  e n e r g y )  a n d  ( 3 )  h i g h - p r o t e i n  f e e d i n g  ( 3 0  m i n  f e e d i n g  o f  a p p r o x i m a t e l y  1 4 %  
p r o t e i n  e n e r g y ) ,  t h e  p r o t e i n  f e d  a t  t h e  h a b i t u a l  i n t a k e  l e v e l  b a s e d  o n  a  d i e t a r y  q u e s t i o n n a i r e  a n d  2 4  h  
u r i n a r y  N  c o l l e c t i o n s .  T h e  f r e q u e n t  s m a l l  m e a l s  e n s u r e d  a  m e t a b o l i c  s t e a d y  s t a t e .  L e u c i n e  b a l a n c e  w a s  
c a l c u l a t e d  a s  l e u c i n e  i n t a k e  m i n u s  l e u c i n e  o x i d a t i o n ,  c a l c u l a t e d  f r o m  1 3 C 0 2  e x c r e t i o n  a n d  p l a s m a  a -  
k e t o i s o c a p r o a t e  e n r i c h m e n t ,  m e a s u r e d  d u r i n g  t h e  t h i r d  h o u r  o f  e a c h  3  h  p h a s e .
T h e  v a l u e s  f o r  P P U  w e r e  0 . 7 8 3  ( S D  0 . 1 0 6 )  f o r  t h e  e l d e r l y  a n d  0 . 7 7 4  ( S D  0 . 1 1 5 )  i n  t h e  y o u n g e r  
a g e  g r o u p ,  w i t h  n o  d i f f e r e n c e  b e t w e e n  t h e  t w o  g r o u p s .  T h u s  u n d e r  t h e s e  s t a n d a r d i z e d  c o n d i t i o n s  t h i s  
h e a l t h y  e l d e r l y  g r o u p  e x h i b i t e d  n o  d e f e c t  i n  t h e i r  a b i l i t y  t o  d e p o s i t  d i e t a r y  p r o t e i n .  T h i s  s u g g e s t s  t h a t  t h e r e  
i s  n o  d e c l i n e  w i t h  a g e  i n  t h i s  c o m p o n e n t  o f  t h e  h o m e o s t a t i c  m e c h a n i s m s  o f  N  b a l a n c e .  F u r t h e r m o r e  t h e r e  
w a s  n o  e v i d e n c e  o f  a n y  i n c r e a s e  i n  p o s t a b s o r p t i v e  l o s s e s  a s  m e a s u r e d  i n  t h e  p r e s e n t  s t u d y  s i n c e  t h e  m e a n  
v a l u e  w a s  l o w e r  i n  t h e  e l d e r l y  ( 1 3 . 8  ( S D  3 . 9 )  p m o l  l e u c i n e / k g  p e r  h ) ,  c o m p a r e d  w i t h  t h e  y o u n g e r  a g e  g r o u p  
( 2 2 . 7  ( S D  5 . 1 )  p m o l  l e u c i n e / k g  p e r  h ) .  W h i l e  t h i s  m a y  r e f l e c t  t h e  a l t e r e d  b o d y  c o m p o s i t i o n  w i t h  a  l o w e r  
p r o p o r t i o n  o f  l e a n  t i s s u e  i n  t h e  e l d e r l y  i t  m a y  a l s o  i n d i c a t e  a n  a d a p t a t i o n  t o  a  l o w e r  h a b i t u a l  p r o t e i n  i n t a k e ,  
a l t h o u g h  o u r  d i e t a r y  a s s e s s m e n t s  d i d  n o t  i n d i c a t e  a n y  d i f f e r e n c e .
I n  c o n c l u s i o n  t h e n  w e  h a v e  n o t  b e e n  a b l e  t o  i d e n t i f y  a n y  c h a n g e  w i t h  a g e  i n  t h e  e f f i c i e n c y  o f  
p o s t p r a n d i a l  p r o t e i n  u t i l i z a t i o n  o f  m i l k  p r o t e i n  m e a s u r e d  u n d e r  s t a n d a r d i z e d  c o n d i t i o n s .
T h i s  w o r k  w a s  s u p p o r t e d  b y  r e s e a r c h  i n t o  A g e i n g
G i b s o n ,  N . ,  F e r e d a y ,  A . ,  C o x ,  M . ,  H a l l i d a y ,  D . ,  P a c y ,  P .  &  M i l l w a r d ,  D .  J .  ( 1 9 9 4 ) .
P r o c e e d i n g s  O f  T h e  N u t r i t i o n  S o c i e t y  ( I n  t h e  P r e s s ) .
Proceedings of the Nutrition Society 1995 54:63A
Postprandial protein utilisation in normal adults: II: milk protein measured in 
the non-steady state. B y  A .  F e r e d a y 1 ,  N .  G i b s o n 2 ,  M .  C o x 2 ,  D .  H a l l i d a y 3 ,  P . J .  P a c y 2  a n d  D .  J .  
M i l l w a r d 1 .  S c h o o l  o f  B i o l o g i c a l  S c i e n c e s ,  U n i v e r s i t y  o f  S u r r e y ,  G u i l d f o r d  G U 2  5 X H ,  2 N u t r i t i o n  
R e s e a r c h  U n i t ,  S t  P a n c r a s  H o s p i t a l ,  L o n d o n  N W 1  O P E ,  a n d  3 N u t r i t i o n  R e s e a r c h  G r o u p ,  C R C ,  
M i d d l e s e x  H A 1  3 U J .
T o  d a t e  a l l  s t a b l e  i s o t o p e  s t u d i e s  o f  p o s t p r a n d i a l  c h a n g e s  i n  l e u c i n e  k i n e t i c s  h a v e  i n v o l v e d  p r o t o c o l s  
i n v o l v i n g  f r e q u e n t  s m a l l  m e a l s  t o  a l l o w  t h e  i s o t o p i c  a n d  m e t a b o l i c  s t e a d y  s t a t e s  r e q u i r e d  f o r  
i n t e r p r e t a t i o n  o f  t h e  t r a c e r  k i n e t i c s .  I n  p r a c t i c e  s u c h  f e e d i n g  i s  a r t i f i c i a l  a n d  a c t u a l  p r o t e i n  u t i l i s a t i o n  
f o l l o w i n g  l a r g e  m e a l s  i s  n o n - s t e a d y  s t a t e .  F u r t h e r m o r e  w h i l e  c a l c u l a t i o n  o f  l e u c i n e  t u r n o v e r  r e q u i r e s  
c o m p l e x  m o d e l l i n g  w i t h  a s s u m p t i o n s  a b o u t  c h a n g e s  i n  p o o l  s i z e s ,  c a l c u l a t i o n  o f  l e u c i n e  o x i d a t i o n  
s i m p l y  r e q u i r e s  c o n t i n u o u s  m o n i t o r i n g  o f  e x c r e t i o n  a n d  p l a s m a  k e t o - i s o c a p r o a t e ,  ( K I C ) ,  e n r i c h m e n t  
a n d  t h e  a s s u m p t i o n  t h a t  p l a s m a  K I C  r e p r e s e n t s  t h e  m e a n  i n t r a c e l l u l a r  K I C  e n r i c h m e n t .  O n  t h i s  b a s i s  
w e  h a v e  m e a s u r e d  p o s t p r a n d i a l  p r o t e i n  u t i l i s a t i o n  d u r i n g  t h e  6  h o u r s  f o l l o w i n g  a  5 0 g - 5 0 0 k c a l  m i l k  
p r o t e i n  m e a l .
W e  m e a s u r e d  1 3 C  l e u c i n e  b a l a n c e  i n  5  n o r m a l  m a l e  a d u l t s  d u r i n g  a  9  h r .  p r i m e  d o s e  c o n s t a n t  
i n t r a v e n o u s  i n f u s i o n  o f  [ 1 - 1 3 C ]  l e u c i n e ,  ( s e e  P r i c e  e t  a l  1 9 9 4 ) ,  c o m m e n c i n g  a t  8  a m ,  1 2  h r s  a f t e r  t h e  
l a s t  m e a l .  T h e  m e a l ,  0 . 5 g  p r o t e i n  a n d  6 . 7 6 K c a l / k g  a s  s k i m m e d  m i l k  +  h y d r o l y s e d  p o t a t o  s t a r c h ,  w a s  
c o n s u m e d  o v e r  5  m i n u t e s  a t  1 8 0  m i n u t e s .  C 0 2  p r o d u c t i o n  w a s  c o n t i n u o u s l y  m o n i t o r e d  w i t h  a  
v e n t i l a t e d  h o o d  a n d  b l o o d  w a s  s a m p l e d  e v e r y  1 5  m i n u t e s  b e t w e e n  1 2 0  a n d  1 8 0  m i n u t e s ,  e v e r y  1 0  
m i n u t e s  u p  t o  3 0 0  m i n u t e s  a n d  e v e r y  2 0  m i n u t e s  u p  t i l l  t h e  e n d  o f  t h e  i n f u s i o n  a t  5 4 0  m i n u t e s .  
L e u c i n e  o x i d a t i o n  w a s  c a l c u l a t e d  f r o m  1 3 C 0 2  e x c r e t i o n  a n d  p l a s m a  K I C  e n r i c h m e n t  a s s u m i n g  t h a t  
b i c a r b o n a t e  r e c o v e r y  i n c r e a s e d  f r o m  0 . 7 6  ( p o s t a b s o r p t i v e )  t o  0 . 9 1 1  ( p o s t p r a n d i a l )  w i t h  a  t i m e  c o u r s e  o f  
t h e  i n c r e a s e  i n  C 0 2  p r o d u c t i o n .  T h e  m e a l  a b s o r p t i o n  w a s  m o n i t o r e d  w i t h  m e a s u r e m e n t s  o f  p l a s m a  
g l u c o s e ,  i n s u l i n ,  l e u c i n e ,  p a r a c e t a m o l  ( 1 . 5 g  a d d e d  t o  t h e  m e a l )  a n d  i n  o n e  c a s e  D - 3  l e u c i n e  a d d e d  t o  
t h e  m e a l .
S i n c e  l e u c i n e  o x i d a t i o n  i n  b o t h  p o s t a b s o r p t i v e  a n d  p o s t p r a n d i a l  s t a t e  i n c l u d e s  a  c o m p o n e n t  
w h i c h  r e f l e c t s  t h e  c h r o n i c  r e s p o n s e  t o  t h e  d i e t a r y  p r o t e i n  l e v e l  a s  w e l l  a s  a n y  o b l i g a t o r y  o x i d a t i o n ,  t h e  
m e a l - p r o t e i n  r e l a t e d  i n c r e a s e  i n  l e u c i n e  o x i d a t i o n  i s  c a l c u l a t e d  a s  p o s t p r a n d i a l  o x i d a t i o n  m i n u s  
p o s t a b s o r p t i v e  o x i d a t i o n  m e a s u r e d  b e t w e e n  1 2 0  a n d  1 8 0  m i n u t e s .  P o s t p r a n d i a l  p r o t e i n  u t i l i s a t i o n ,  
P P U ,  c a n  t h e n  b e  c a l c u l a t e d  a s  t h e  i n s t a n t a n e o u s  l e u c i n e  b a l a n c e ,  i . e .  l e u c i n e  i n t a k e  m i n u s  c u m u l a t i v e  
e x c e s s  l e u c i n e  o x i d a t i o n .  I n  t h i s  s t u d y  c a l c u l a t i o n s  w e r e  m a d e  o v e r  t h e  6  h o u r s  a f t e r  t h e  m e a l .
A s  j u d g e d  b y  c h a n g e s  i n  p l a s m a  g l u c o s e ,  i n s u l i n ,  l e u c i n e  a n d  p a r a c e t a m o l  t h e  m e a l  
a b s o r p t i o n  w a s  e s s e n t i a l l y  c o m p l e t e  b y  a f t e r  3  h o u r s  a l t h o u g h  m e t a b o l i c  r e s p o n s e s  c o n t i n u e d  
t h r o u g h o u t  t h e  6  h o u r  p o s t p r a n d i a l  p e r i o d  a s  j u d g e d  b y  a n  e l e v a t e d  p l a s m a  l e u c i n e  c o n c e n t r a t i o n  a n d  
e l e v a t e d  l e u c i n e  o x i d a t i o n .  I n  g e n e r a l  l e u c i n e  o x i d a t i o n  p e a k e d  b e t w e e n  2 4 0  a n d  3 6 0  m i n u t e s  f a l l i n g  
a f t e r  t h i s  t i m e  b u t  r e m a i n i n g  a b o v e  p o s t a b s o r p t i v e  l e v e l s  i n  a l l  s u b j e c t s  a t  5 4 0  m i n u t e s .  A t  3  h o u r s  
a f t e r  t h e  m e a l  P P U  w a s  0 . 8 6 5 ± 0 . 0 2 2  f a l l i n g  t o  0 . 7 8 3 ± 0 . 0 1 8  a t  6  h o u r s  a f t e r  t h e  m e a l .  C l e a r l y  w i t h  
l e u c i n e  o x i d a t i o n  s t i l l  t o  s o m e  e x t e n t  e l e v a t e d  a t  5 4 0  m i n u t e s  P P U  w o u l d  c o n t i n u e  t o  f a l l  w i t h  t i m e  
a l t h o u g h  t h e  r a t e  o f  f a l l  w a s  l o w  a t  5 4 0  m i n u t e s .  I n  f a c t  t h e  v a l u e  o f  P P U  a t  6  h o u r s  i s  v e r y  s i m i l a r  t o  
t h a t  o b t a i n e d  w i t h  m i l k  p r o t e i n  i n  t h e  m e t a b o l i c  s t e a d y  s t a t e  ( G i b s o n  e t  a l  1 9 9 4 )  l e n d i n g  c o n f i d e n c e  i n  
t h e  m e t h o d  d e s c r i b e d  h e r e .
I n  c o n c l u s i o n  i n  h e a l t h y  a d u l t s ,  m i l k  p r o t e i n  f e d  i n  a  s i n g l e  h i g h  p r o t e i n  m e a l  i s  u t i l i s e d  a s  
e f f i c i e n t l y  f o r  p o s t p r a n d i a l  p r o t e i n  d e p o s i t i o n  a s  w i t h  f r e q u e n t  s m a l l  m e a l s .
P r i c e  G . M . ,  H a l l i d a y , D . ,  P a c y , P . J . ,  Q u e v e d o  M . R . ,  a n d  M i l l w a r d  D . J .  C l i n  S c i  8 6 , 9 1 - 1 0 2
Q u e v e d o  M . R . ,  P r i c e  G . M . ,  H a l l i d a y , D . ,  P a c y , P . J . ,  &  M i l l w a r d  D . J .  C l i n  S c i  1 9 9 4 , 8 6 , 1 8 5 -
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Factors influencing postprandial protein utilization in adults and the elderly. B y  A .
F E R E D A Y 1 ,  N .  G I B S O N 2 ,  M .  C O X 2 ,  D .  H A L L I D A Y 3 ,  P . J .  P A C Y 2  a n d  D . J .  M I L L W A R D 1 .  1 C e n tre  
f o r  N u tr it io n  a n d  F o o d  S a fe ty , U n iv e rs ity  o f  S u rrey , G u ild fo rd  G U 2  5 X H ,  2N u tr it io n  R e s e a r c h  U n it, S t. 
P a n c r a s  H o s p ita l ,  L o n d o n  N W 1 OPE, a n d  3  H um an M e ta b o lism  R e se a rc h  G ro u p , S t. M a r y 's  H o s p ita l  
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N i t r o g e n  h o m e o s t a s i s  i n  m a n  r e q u i r e s  t h a t  p o s t a b s o r p t i v e  l o s s e s  a r e  r e p l e t e d  i n  t h e  p o s t p r a n d i a l  s t a t e .  T h e  
e f f i c i e n c y  o f  p o s t p r a n d i a l  p r o t e i n  u t i l i z a t i o n  i n  i n d i v i d u a l s  i s  a n  i m p o r t a n t  p h y s i o l o g i c a l  c o m p o n e n t  o f  
t h e i r  a b i l i t y  t o  m a i n t a i n  N  b a l a n c e .  T h i s  e f f i c i e n c y  w i l l  b e  d e t e r m i n e d  b y  t h e  p a r t i t i o n  o f  t h e  a m i n o  a c i d  
i n t a k e  b e t w e e n  o x i d a t i o n  ( O )  a n d  n e t  p r o t e i n  d e p o s i t i o n  w h i c h  i s  d e p e n d e n t  o n  c h a n g e s  i n  r a t e s  o f  p r o t e i n  
s y n t h e s i s  ( S )  a n d  p r o t e o l y s i s  ( D ) .  T h e  m a i n  f a c t o r s  w h i c h  m e d i a t e  c h a n g e s  i n  t h e s e  p r o c e s s e s  a r e  t h e  
p o s t p r a n d i a l  i n c r e a s e s  i n  i n s u l i n  a n d  a m i n o  a c i d s  b u t  i t  i s  n o t  k n o w n  h o w  c h a n g e s  i n  t h e  s e n s i t i v i t y  o f  
t h e s e  t h r e e  p r o c e s s e s  t o  f e e d i n g  i n f l u e n c e s  t h e  e f f i c i e n c y  o f  p o s t p r a n d i a l  p r o t e i n  u t i l i z a t i o n  o r  t h e  e x t e n t  o f  
a n y  c h a n g e  w i t h  a g e .  W e  h a v e  d e s c r i b e d  a  s t a b l e - i s o t o p e  p r o c e d u r e  f o r  m e a s u r i n g  t h e  e f f i c i e n c y  o f  
p o s t p r a n d i a l  p r o t e i n  u t i l i z a t i o n  ( P P U ;  G i b s o n  e t a l.  1 9 9 4 )  b a s e d  o n  a s s e s s m e n t  o f  l e u c i n e  b a l a n c e  ( i n t a k e -  
o x i d a t i o n ) ,  d u r i n g  a  c o n s t a n t  i n f u s i o n  o f  [ 1 3 C ] l e u c i n e  i n  s u b j e c t s  i n  t h e  p o s t a b s o r p t i v e  s t a t e  a n d  f e d  
s u c c e s s i v e l y  l o w -  a n d  h i g h - p r o t e i n  m e a l s .  P P U  i s  c a l c u l a t e d  f r o m  t h e  s l o p e  o f  t h e  l e u c i n e  b a l a n c e - i n t a k e  
r e l a t i o n s h i p  b e t w e e n  t h e  t w o  i n t a k e  l e v e l s  a n d  e v a l u a t i o n  o f  l e u c i n e  k i n e t i c s  e n a b l e s  S  a n d  D  t o  b e  
m e a s u r e d .  W e  r e p o r t  h e r e  a n  i n v e s t i g a t i o n  o f  t h e  w a y  v a r i a t i o n  i n  t h e  s e n s i t i v i t y  o f  S ,  D  a n d  O  t o  f e e d i n g  
i n f l u e n c e  p o s t p r a n d i a l  p r o t e i n  u t i l i z a t i o n  i n  n o r m a l  a d u l t s  a n d  i n  a  g r o u p  o f  t e n  e l d e r l y  m e n  a n d  w o m e n ,  
s o m e  o f  t h e  r e s u l t s  h a v i n g  p r e v i o u s l y  b e e n  p r e s e n t e d  ( F e r e d a y  e t  a l.  1 9 9 4 ) .
T e n  m e n  a n d  f i v e  w o m e n  a g e d  1 9  a n d  5 8  y e a r s ,  a n d  f i v e  m e n  a n d  f i v e  w o m e n  a g e d  6 8 - 9 1  y e a r s ,  
w e r e  s t u d i e d ,  a l l  i n  g o o d  h e a l t h .  W e  m e a s u r e d  [ 1 3 C ] l e u c i n e  b a l a n c e ,  d u r i n g  a  s i n g l e  9  h  p r i m e  d o s e  
c o n s t a n t  i n f u s i o n  o f  [ l - 1 3 C ] l e u c i n e  w i t h  t h r e e  3  h  p h a s e s ,  ( i )  t h e  p o s t a b s o r b t i v e  s t a t e ,  ( i i )  l o w - p r o t e i n  
f e e d i n g  ( 3 0  m i n  f e e d i n g  o f  1 / 2 4  o f  d a i l y  e n e r g y  n e e d s  a n d  2 %  p r o t e i n  e n e r g y )  a n d  ( i i i )  h i g h - p r o t e i n  
f e e d i n g  ( 3 0  m i n  f e e d i n g  o f  a p p r o x i m a t e l y  1 4 %  p r o t e i n  e n e r g y ) ,  t h e  p r o t e i n  f e d  a t  t h e  h a b i t u a l  i n t a k e  l e v e l  
b a s e d  o n  a  d i e t a r y  q u e s t i o n n a i r e  a n d  2 4  h  u r i n a r y  N  c o l l e c t i o n s .  T h e  f r e q u e n t  s m a l l  m e a l s  e n s u r e d  a  
m e t a b o l i c  s t e a d y  s t a t e .  L e u c i n e  b a l a n c e  w a s  c a l c u l a t e d  a s  l e u c i n e  i n t a k e  m i n u s  l e u c i n e  o x i d a t i o n ,  
c a l c u l a t e d  f r o m  1 3 C 0 2  e x c r e t i o n  a n d  p l a s m a  a - k e t o i s o c a p r o a t e  e n r i c h m e n t ,  m e a s u r e d  d u r i n g  t h e  t h i r d  
h o u r  o f  e a c h  3  h  p h a s e .
P P U  v a r i e d  b e t w e e n  0 . 5 8  a n d  0 . 9 9  ( 0 . 8 0  m e a n :  c v  1 3 % ) ,  w i t h  t h e  e l d e r l y  g r o u p  n o t  d i f f e r e n t  
f r o m  t h e  y o u n g e r  a d u l t s  o v e r a l l  ( 0 . 7 9 5  m e a n :  c v  1 6 % )  s i n c e  b o t h  l o w e s t  ( 0 . 5 8 )  a n d  h i g h e s t  v a l u e s  ( 0 . 9 9 )  
w e r e  f o u n d  i n  t h i s  g r o u p .  O v e r a l l  p r o t e i n  u t i l i z a t i o n  w a s  m e d i a t e d  b y  s i g n i f i c a n t  i n h i b i t i o n  o f  D ,  
s t i m u l a t i o n  o f  S  a n d  w a s  a c c o m p a n i e d  b y  a  s t i m u l a t i o n  o f  O .  A s  e x p e c t e d  t h e  m a g n i t u d e  o f  P P U  w a s  
i n v e r s e l y  c o r r e l a t e d  w i t h  t h e  i n c r e a s e  i n  O .  T h e  m a i n  d e t e r m i n a n t  o f  P P U  w a s  t h e  i n h i b i t i o n  o f  D  s i n c e  
s t i m u l a t i o n  o f  S  w a s  a s s o c i a t e d  w i t h  a  p a r a l l e l  s t i m u l a t i o n  o f  O  a n d  n e g a t i v e l y  c o r r e l a t e d  w i t h  P P U .  
T h e s e  r e l a t i o n s h i p s  w e r e  n o t  d i f f e r e n t  i n  t h e  e l d e r l y .  A  l i k e l y  m e c h a n i s m  i s  t h a t  s u b j e c t s  w h o  e x h i b i t  
m a x i m a l  i n h i b i t i o n  o f  D  o n  f e e d i n g  e x h i b i t  m i n i m a l  p o s t p r a n d i a l  i n c r e a s e s  i n  t i s s u e  f r e e  a m i n o  a c i d  
c o n c e n t r a t i o n s  t h e r e b y  l i m i t i n g  i n c r e a s e s  i n  a m i n o  a c i d  o x i d a t i o n  a n d ,  c o i n c i d e n t a l l y ,  p r o t e i n  s y n t h e s i s .
V a r i a t i o n  i n  i n s u l i n  l e v e l s  w i t h  f e e d i n g  d i d  n o t  a c c o u n t  f o r  a n y  v a r i a b i l i t y  i n  p o s t p r a n d i a l  
r e s p o n s e s .  A  c a l c u l a t e d  a m i n o  a c i d  s e n s i t i v i t y  o f  D  ( %  i n h i b i t i o n / i n c r e m e n t a l  a m i n o  a c i d  i n t a k e )  d i d  
p r e d i c t  P P U  ( r  0 . 7 8 2 )  a n d  i n  t h e  e l d e r l y  t h o s e  w i t h  l o w  P P U  v a l u e s  ( 0 . 6 8  ( S D  0 . 0 6 ) ;  n  5  c o m p a r e d  w i t h  
0 . 9 1 ( S D  0 . 5 7 ) ;  n  5 )  h a d  v a l u e s  f o r  a m i n o  a c i d  s e n s i t i v i t y  o f  D  w h i c h  w e r e  o n l y  2 0 %  o f  t h e  h i g h  P P U  
g r o u p .  T h u s  t h e s e  r e s u l t s  s h o w  t h a t  v a r i a t i o n  i n  t h e  e f f i c i e n c y  o f  p o s t p r a n d i a l  p r o t e i n  u t i l i z a t i o n  b e t w e e n  
i n d i v i d u a l s  r e f l e c t s  v a r i a t i o n  i n  t h e  a m i n o  a c i d  s e n s i t i v i t y  o f  t h e  i n h i b i t i o n  o f  p r o t e o l y s i s  t o  f e e d i n g  w i t h  
l o w  l e v e l s  a c c o u n t i n g  f o r  t h e  r e d u c e d  e f f i c i e n c y  o f  p o s t p r a n d i a l  p r o t e i n  u t i l i z a t i o n  w h i c h  i s  o b s e r v e d  i n  
s o m e  e l d e r l y  i n d i v i d u a l s .
T h i s  w o r k  w a s  s u p p o r t e d  b y  R e s e a r c h  i n t o  A g e i n g
F e r e d a y ,  A . ,  G i b s o n ,  N . ,  C o x ,  M . ,  H a l l i d a y ,  D . ,  P a c y ,  P  &  M i l l w a r d ,  D . J .  ( 1 9 9 4 )  P r o c e e d in g s  o f  
th e  N u tr it io n  S o c ie ty  5 3 , 2 0 2 A .
G i b s o n ,  N . ,  F e r e d a y ,  A . ,  C o x ,  M . ,  H a l l i d a y ,  D . ,  P a c y ,  P .  &  M i l l w a r d ,  D . J .  ( 1 9 9 5 )  P r o c e e d in g s  o f  
th e  N u tr it io n  S o c ie ty  5 4 , 6 0 A
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